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RE:  Tes,mony on H. 238 - An act rela,ng to the phaseout of consumer products containing 

added perfluoroalkyl and polyfluoroalkyl substances 

 

Dear Rep. Sheldon and Commi�ee Members: 

Thank you for this opportunity to tes,fy on H. 238 - an act rela,ng to the phaseout of consumer 

products containing added perfluoroalkyl and polyfluoroalkyl substances (PFAS). 

For the record, my name is Mar,n Wolf, Principal, Wolf Sustainability. I am a chemist with over 

50 years of industry experience studying the occurrence and fate of chemicals in the 

environment and designing more sustainable consumer products. 
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I also represent the American Sustainable Business Network, a mul,-issue membership 

organiza,on advoca,ng on behalf of businesses, business associa,ons, and the investor 

community, whose members collec,vely represent over 250,000 businesses. 

Summary of Recommenda�ons 

It is recommended that:  

a) the defini,on of PFAS in H.238 be retained,  

b) a de minimis level of PFAS in consumer products be established, and  

c) the manufacture, sale, or distribu,on for sale of consumer products containing PFAS 

ul,mately be prohibited. 

Human and Environmental Harms of PFAS 

Perfluoroalkyl and polyfluoroalkyl substances (PFAS) are substances containing fluorine atoms 

covalently bonded to carbon atoms. PFAS are known to be harmful to human health and have 

been associated with a variety of health effects, including altered immune and thyroid func,on, 

liver disease, lipid and insulin dysregula,on, kidney disease, adverse reproduc,ve and 

developmental outcomes, and cancer.1 Concordance with experimental animal data exists for 

many of these effects.2 

PFAS have been detected in rain, snow, groundwater, tap water, lakes, rivers, soils, and 

sediments and are ubiquitous in the environment.3 PFAS degrada,on products are freely mobile 

in water, soil, and air, and can be extremely resistant to breakdown.4 Given their poten,al to 

cause harm, ubiquity and resistance to breakdown, it is vitally important that PFAS uses and 

emissions must be rapidly restricted.5 

Economic Costs of PFAS 

For most consumer applica,ons, the economic impacts of remedia,ng harm to human health 

and harm to the environment from PFAS far exceed the economic value of transi,oning to less 

hazardous alterna,ves.  The benefit to PFAS manufacturers has been es,mated as $2billion per 

year.6 Health-related costs for the United States are es,mated to be $37−59 billion annually, not 

including indirect social costs such as lost wages; lost years of life; reduced quality of life; 

 
1 Fenton SE, Ducatman A, Boobis A, DeWi� JC, Lau C, Ng C, Smith JS, Roberts SM. Per- and Polyfluoroalkyl 

Substance Toxicity and Human Health Review: Current State of Knowledge and Strategies for Informing Future 

Research. Environ Toxicol Chem. 2021 Mar;40(3):606-630. doi: 10.1002/etc.4890. Epub 2020 Dec 7. PMID: 

33017053; PMCID: PMC7906952. 
2 Ibid. 
3 Abunada, Z.; Alazaiza, M.Y.D.; Bashir, M.J.K. An Overview of Per- and Polyfluoroalkyl Substances (PFAS) in the 

Environment: Source, Fate, Risk and Regula,ons. Water 2020, 12, 3590. h�ps://doi.org/10.3390/w12123590 
4 Ibid 
5 Environ. Sci. Technol. 2022, 56, 16, 11172–11179 
6 Alissa Cordner, Gre�a Goldenman, Linda S. Birnbaum, Phil Brown, Mark F. Miller, Rosie Mueller, Sharyle Pa�on, 

Derrick H. Salvatore, and Leonardo Trasande, The True Cost of PFAS and the Benefits of Ac�ng Now, Environmental 

Science & Technology 2021 55 (14), 9630-9633. DOI: 10.1021/acs.est.1c03565 
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increased stress, anxiety, and depression; and subsequent impacts on families and 

communi,es.7 Addi,onally, the Minnesota Pollu,on Control Agency es,mates the cost to 

remove just one pound of PFAS from wastewater, biosolids, municipal solid waste, or landfill 

leachate to be between $0.4 million and $39 million depending on the matrix and size of 

facility.8 Thus, there is not an economic case for con,nued use of PFAS and it is recommended 

that their use be phased out rapidly to limit future remedia,on costs. 

Defini�ons 

The exact defini,on of PFAS has varied.9 The defini,on of PFAS in H.238, “…a class of fluorinated 

organic chemicals containing at least one fully fluorinated carbon atom” is preferred to the 

defini,on proposed in the Agency of Natural Resources report dated November, 2024, taken 

from the Code of Federal Regula,ons, “PFAS means any chemical substance or mixture 

containing a chemical substance that structurally contains at least one of the following three 

sub-structures: 

(1) R-(CF2)-CF(Rʹ)Rʺ, where both the CF2 and CF moie,es are saturated carbons. 

(2) R-CF2OCF2-Rʹ, where R and Rʹ can either be F, O, or saturated carbons. 

(3) CF3C(CF3)RʹRʺ, where Rʹ and Rʺ can either be F or saturated carbons.”10 

This defini,on has four major limita,ons: (1) omission of substances that have func,onal groups 

on both ends of the fully fluorinated carbon moiety (e.g., perfluoroalkyldicarboxylic acids); (2) 

inconsistencies in dealing with homologues that are fully fluorinated alipha,c cyclic compounds 

with or without a fully fluorinated alkyl side chain; (3) omission of substances with aroma,c 

ring(s) in the nonfluorinated func,onal group(s) that can be cleaved in the environment and 

biota; and (4) use of the ambiguous term “highly fluorinated”.11 Many substances in commerce, 

known to harm human health and the environment, are omi�ed by ANR’s proposed 

defini,on.12  

De Minimis Level 

Companies are appropriately concerned that their products may be held to a higher standard 

than municipal, ground, or surface water used to manufacture their products. According to the 

Agency for Toxic Substances and Disease Registry (ATSDR) inges,on of food and water is a main 

 
7 Ibid. 
8 Minnesota Pollu,on Control Agency, Evalua,on of Current Alterna,ves and Es,mated Cost Curves for PFAS 

Removal and Destruc,on from Municipal Wastewater, Biosolids, Landfill Leachate, and Compost Contact Water, 

2023. 
9 Zhanyun Wang, Andreas M. Buser, Ian T. Cousins, Silvia DemaWo, Wiebke Drost, Olof Johansson, Koichi Ohno, 

Grace Patlewicz, Ann M. Richard, Glen W. Walker, Graham S. White, and Eeva Leinala, A New OECD Defini�on for 

Per- and Polyfluoroalkyl Substances, Environmental Science & Technology 2021 55 (23), 15575-15578 
10 40 CFR 705.3 “Per- and polyfluoroalkyl substances or PFAS” 
11   Zhanyun Wang, et al., ibid. 
12 Ibid. 
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route of PFAS exposure.13 Therefore it is recommended that a de minimis thresholds be 

established by the Secretary for PFAS in a product or a product component, and that the 

threshold be higher than the maximum contaminant level (MCL) of PFAS set for municipal 

drinking water,14 ground water, or surface water.15  

Conclusion 

PFAS represent an immediate threat to the health of Vermont’s ci,zens and our environment. 

H.238 takes important steps to limi,ng this threat by using a scien,fically valid, inclusive 

defini,on of PFAS and by phasing out PFAS in a wide range of consumer products. I commend 

this Commi�ee, ANR, and the other State agencies involved in developing this legisla,on. 

Thank you for your a�en,on to, and considera,on of, these comments. 

 

RespecXully submi�ed, 

Mar,n H. Wolf 

Principal 

Wolf Sustainability 

and 

Advisor, Safer Chemicals and Circular Economy 

American Sustainable Business Network 

 
13 Human Exposure: PFAS Informa,on for Clinicians - 2024 | PFAS and Your Health | ATSDR. Downloaded 12 

February 2025 
14 US EPA, PFAS Na,onal Primary Drinking Water Regula,on, 2024. 
15 US EPA, DRAFT Human Health Ambient Water Quality Criteria: Perfluorooctanoic Acid (PFOA) and Related Salts 

2024. 
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Abstract

Reports of environmental and human health impacts of per- and polyfluoroalkyl substances 

(PFAS) have greatly increased in the peer-reviewed literature. The goals of the present review are 

to assess the state of the science regarding toxicological effects of PFAS and to develop strategies 

for advancing knowledge on the health effects of this large family of chemicals. Currently, much 

of the toxicity data available for PFAS are for a handful of chemicals, primarily legacy PFAS such 

as perfluorooctanoic acid and perfluorooctane sulfonate. Epidemiological studies have revealed 

associations between exposure to specific PFAS and a variety of health effects, including altered 

immune and thyroid function, liver disease, lipid and insulin dysregulation, kidney disease, 
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adverse reproductive and developmental outcomes, and cancer. Concordance with experimental 

animal data exists for many of these effects. However, information on modes of action and adverse 

outcome pathways must be expanded, and profound differences in PFAS toxicokinetic properties 

must be considered in understanding differences in responses between the sexes and among 

species and life stages. With many health effects noted for a relatively few example compounds 

and hundreds of other PFAS in commerce lacking toxicity data, more contemporary and high-

throughput approaches such as read-across, molecular dynamics, and protein modeling are 

proposed to accelerate the development of toxicity information on emerging and legacy PFAS, 

individually and as mixtures. In addition, an appropriate degree of precaution, given what is 

already known from the PFAS examples noted, may be needed to protect human health.

Keywords

Per- and polyfluoroalkyl substances; Perfluorooctane sulfonate; Perfluorooctanoic acid; Persistent 
compounds; Contaminants of emerging concern

INTRODUCTION

Per- and polyfluoroalkyl substances (PFAS) are ubiquitous in environmental media because 

of their prolific use in a variety of industrial and consumer products and processes (Jian et al. 

2018; Sunderland et al. 2019). Widespread human exposure to PFAS in water, food, and air 

coupled with the lengthy environmental persistence and biological half-lives of some PFAS 

have led to measurable PFAS in the blood of nearly the entire population in developed 

countries, with health effects reported globally (Kato et al. 2011; Khalil et al. 2016; 

Stubleski et al. 2016; Jian et al. 2018). Information needed to evaluate the potential risk of 

harm from PFAS includes the types of adverse health effects that might occur at 

environmentally relevant exposures, especially in sensitive life stages. Information is also 

needed regarding the mode(s) of action for PFAS toxicity, PFAS toxicokinetics in both 

humans and laboratory animal models, and dose-response relationships. Risk estimates can 

be used to inform public health exposure limits that will determine the need for exposure 

mitigation and environmental cleanup.

There are several challenges in obtaining the information needed to assess human health risk 

from the large number of PFAS with a wide range of structures and chemical properties 

(Buck et al. 2011; Wang Z et al. 2017; Organisation for Economic Co-operation 

Development 2018). Data on the identity, composition, and quantity of PFAS used in 

products and processes are often treated as confidential business information, hampering 

efforts to estimate exposure sources and routes. The Organisation for Economic Co-

operation and Development’s (OECD’s) chemical inventory reports over 4000 substances 

that contain at least one perfluoroalkyl (–CnF2n–) moiety (Organisation for Economic Co-

operation Development 2018), and the US Environmental Protection Agency (USEPA) has a 

curated list of over 8000 PFAS included, based on structure (US Environmental Protection 

Agency 2018) from the CompTox Chemicals Dashboard (Williams et al. 2017). The USEPA 

estimates that more than 600 PFAS are currently in commercial use (US Environmental 

Protection Agency 2019). Experimental studies of PFAS have been limited by funding and 
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the availability of analytical standards, confounded by the prevalence of background 

contamination in laboratory materials, and challenged by physicochemical properties such as 

high surface activity that can interfere with and complicate measurements. Consequently, 

sufficient information to conduct quantitative risk assessment is currently available for only 

a relative few PFAS (Post 2020). Further, although typical human exposures involve various 

combinations of PFAS (Centers for Disease Control and Prevention 2017), only a few efforts 

address interactions of PFAS mixtures; and a well-founded, scientific basis on which to 

evaluate their combined toxic potential does not yet exist (Carr et al. 2013; Wolf et al. 2014; 

Zhou et al. 2017; Hoover et al. 2019; US Environmental Protection Agency 2020).

The Society of Environmental Toxicology and Chemistry (SETAC) North America held the 

focused topic meeting and workshop “Environmental Risk Assessment of PFAS” on 12 to 

15 August 2019, covering a wide range of topics related to the characterization of health 

risks posed by PFAS. The overarching purpose of the meeting was to begin a scientific 

discussion on how best to approach studying, grouping, and regulating the large number of 

PFAS to which people and other species are potentially exposed (for charge questions and 

other details, see Johnson et al. 2020). We refer to these PFAS as “legacy” (those 

perfluoroalkyl acids for which there are accumulating health data but that may be phased out 

or decreased in use) and “emerging” (those which are being used as replacements, often with 

minimal health effects data). The objectives of the Human Health Toxicity section were to 

provide an assessment of the state of the science in understanding toxicological effects of 

PFAS and to explore and discuss strategies for advancing knowledge on the toxicity of 

individual and groups of PFAS.

CURRENT KNOWLEDGE OF PFAS TOXICITY IN HUMANS

Like other chemicals, PFAS are potentially capable of producing a wide range of adverse 

health effects depending on the circumstances of exposure (magnitude, duration, and route 

of exposures, etc.) and factors associated with the individuals exposed (e.g., age, sex, 

ethnicity, health status, and genetic predisposition). Aspects to consider when establishing 

the health effects of greatest concern are 1) effects for which evidence is the strongest 

(strength of evidence can come from consistency of effect across studies, strength of effect 

associations in epidemiological studies, and species concordance, as examples), and 2) 

effects for which potential impact is greatest (factors contributing to impact can include 

severity of effect, functional impairment, persistence, and specific age groups that are 

susceptible, as examples). Brief summaries of candidate PFAS health effects from human 

and experimental reports are provided in this section (Figure 1).

Immune function

Epidemiological studies have explored relationships between PFAS exposure and laboratory 

biomarkers of immunomodulation, such as vaccine responses. A doubling of 

perfluorooctane sulfonate (PFOS) in maternal serum was associated with a 39% (p < 0.001) 

reduction in diphtheria antibody concentration in children (age 5 yr), with increased odds of 

falling below clinically protective values against diphtheria and tetanus at age 7 yr. The 

authors noted that a “2-fold greater concentration of major PFCs [perfluorinated 
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compounds] in child serum was associated with a difference of −49% (95% CI, −67% to 

−23%) in the overall antibody concentration” (Grandjean et al. 2012). Decreased 

immunological response persisted at age 13 yr (Grandjean et al. 2017). Adverse associations 

were also noted for responses to rubella, mumps, and Hemophilus influenza vaccinations in 

children and to vaccinations in adults (Granum et al. 2013; Looker et al. 2014; Stein et al. 

2016; Abraham et al. 2020). In a single study, modest down-regulation of C-reactive protein 

response, a marker of human systemic inflammation, was also reported to be associated with 

perfluorooctanoic acid (PFOA) blood levels (Genser et al. 2015).

Disease outcomes linked with immunosuppression such as clinician-recorded diagnoses of 

childhood infections have also been associated with prenatal exposures to PFOS and 

perfluorohexane sulfonate (PFHxS) (Goudarzi et al. 2017). A pregnancy cohort study 

prospectively detected increased risk of airway and throat infections and diarrhea in children 

through age 10 yr, correlated with cord-blood PFAS measurements (Impinen et al. 2018, 

2019). A recent review concluded that exposure to PFAS in infancy and childhood resulted 

in an immunosuppressive effect characterized by an increased incidence of atopic dermatitis 

and lower respiratory tract infections (Kvalem et al. 2020). Some of the immunological 

effects were sex-specific, but the authors cautioned that there were inconsistencies across 

studies (Kvalem et al. 2020). Overall, available data provide strong evidence that PFAS 

exposure can suppress the human immune response.

Population studies of immune hyperreactive diseases have resulted in mixed findings. 

Studies on childhood allergy and asthma outcomes have shown no association with PFAS 

(Impinen et al. 2018, 2019), whereas others have found substantial effects, including 

provocative evidence that subgroups of individuals not adequately immunized may be at an 

increased risk for disease a priori (Qin et al. 2017; Timmermann et al. 2017a). For example, 

a case-control study of Taiwanese children compared the first and fourth quartiles of serum 

measurements for 11 PFAS with asthma and other immune markers and reported confidence 

intervals well above 1.0 for PFOA and others (Qin et al. 2017). However, review articles 

concerning PFAS and childhood allergy and asthma offer nuanced, age- and sex-specific 

interpretations and advise against firm conclusions (Kvalem et al. 2020).

Chronic autoimmune outcomes, including thyroid disease (see section Thyroid function) and 

inflammatory bowel disease (IBD), have also been considered. A study in contaminated 

communities (n = 32 254) detected an association between both prevalence and incidence of 

ulcerative colitis (UC) and PFOA exposure (linear trend p = 0.0001 [Steenland et al. 2013]). 

A worker study (n = 3713) found a higher prevalence (p = 0.01) and incidence (p < 0.05) of 

UC with increasing log PFOA serum concentrations (Steenland et al. 2015). A case-control 

study of children and young adults from a background exposure community in Atlanta, 

Georgia, USA, also found higher serum PFOA levels in patients with UC (Steenland et al. 

2018b). In contrast to PFOA-related associations in US populations, a study of a 

contaminated community in Sweden (n = 63 074) did not show a consistent association of 

IBD with any PFAS exposure (Xu et al. 2020b).

Recent, thorough reviews (National Toxicology Program 2016; DeWitt et al. 2019; 

Pachkowski et al. 2019) emphasize some key concepts: 1) there is concordance between 
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animal studies and human epidemiological observations that PFAS modify the immune 

response, and 2) there are noted complexities in assuming dose-response continuums, 

including possible differences in life-stage vulnerability. Authors of these reviews note 

uncertainty about which outcome will be of most importance but agree that immunotoxicity 

should be included among sensitive human PFAS toxicity endpoints.

Thyroid function

The C8 Science Panelists concluded that there is a “probable link” of PFOA exposure to 

thyroid disease, with sex-specific outcomes in women (for hyperthyroid disease) versus men 

(hypothyroid disease) (C8 Science Panel 2012). Subsequent reviews drew attention to 

hypothyroid outcomes in women and children and to the possibility that populations with a 

priori circulating antithyroid peroxidase antibodies may be at additional risk (Coperchini et 

al. 2017). A broad childhood disease review noted “some evidence” that PFAS cause 

childhood hypothyroidism and characterized the number of studies as “limited” for 

childhood disease conclusions (Rappazzo et al. 2017). A meta-analysis of 12 child and adult 

studies that excluded populations with higher exposures noted that PFAS exposure is 

negatively associated with serum total thyroxine levels and that “PFAS could induce thyroid 

dysfunction and disease” (Lee and Choi 2017).

Human thyroid disease is mostly the result of an autoimmune response and is 5 to 10 times 

more prevalent in women than men (Tadic et al. 2018). Concerning PFAS and clinically 

diagnosed outcomes, women in the highest quartile of PFOA exposure (>5.7 ng/mL) 

reported clinical hypothyroid disease (odds ratio 2.2, 95% confidence interval [CI] 1.4–3.7) 

over 3 cycles of National Health and Nutrition Examination Survey (NHANES) data (1999–

2006, n = 3974 adults), with similar findings in men (Melzer et al. 2010). The C8 Science 

Panel studies (median serum PFOA 26.1 ng/mL) found thyroid disease hazard ratios of 1.00, 

1.24, 1.27, 1.36, and 1.37 across cumulative exposure quintiles in women (log-linear trend p 
= 0.03 [Winquist and Steenland 2014b]), with parallel hypothyroid findings in children aged 

1 to 17 yr (Lopez-Espinosa et al. 2012). The Ronneby, Sweden, population experienced 

excess risk of thyroid disease in a discrete time period (1984–2005) among women (hazard 

ratio 1.29, 95% CI 1.05–1.57) that did not persist over time despite higher cumulative PFAS 

exposure (Andersson et al. 2019). The authors did not link exposure to hypothyroid 

outcome, noting a nonmonotonic dose-response relationship (Andersson et al. 2019).

Human population studies augment experimental data that PFAS interact with thyroid 

hormone binding proteins (Berg et al. 2015; Ren et al. 2016; Zhang J et al. 2016), one of 

several mechanisms by which PFAS can perturb feedback relationships between free thyroid 

hormone and the hypothalamic-pituitary-thyroid axis. Exposures to PFAS also interfere with 

thyroid peroxidase (TPO) enzyme activity in vitro (Song et al. 2012). Several PFAS studies 

have pursued this putative mechanism, finding that maternal and neonatal thyroid hormone 

outcomes were more readily detected in those with a priori abnormally high circulating anti-

TPO antibodies (Webster et al. 2014, 2016). One case-control study investigated congenital 

hypothyroidism, a rare condition. Serum concentrations of PFOA (5.40 vs 2.12 ng/mL; p < 

0.01), perfluorononanoic acid (PFNA; 1.93 vs 0.63 ng/mL; p < 0.001), perfluorodecanoic 

acid (PFDA; 0.52 vs 0.30 ng/mL; p < 0.005), and perfluoroundecanoic acid (0.98 vs 0.44 
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ng/mL; p < 0.005) were higher in the diagnosed newborns; and levels of several PFAS, 

including PFOA and PFHxS, were correlated with thyroid autoantibodies (Kim et al. 2016).

Thyroid disease is not the only concern. Clinicians are concerned about subclinically 

elevated thyroid-stimulating hormone (TSH) in early pregnancy because it may be 

associated with several possible adverse maternal and fetal outcomes (Forhead and Fowden 

2014). This general concern has prompted numerous PFAS-exposure evaluations of 

corresponding TSH in maternal serum, cord blood, and newborns. A review of maternal and 

child biomarkers with PFAS exposure noted that higher TSH has been reported in 4 second-

trimester studies (Ballesteros et al. 2017), but there are also conflicting findings. Studies 

measuring PFAS in the first trimester have also found associations between PFAS exposure 

and altered TSH levels in newborns, including nonmonotonic patterns of dose response that 

mirror the marked alterations of thyroid hormone levels during pregnancy (Inoue et al. 

2019).

From the available studies, PFAS definitively alter human thyroid hormones and potentially 

contribute to thyroid auto-immunity but do not so far appear to be a cause of thyroid cancer 

(Barry et al. 2013; Vieira et al. 2013). Also, thyroid cancer is usually survived; thus, 

morbidity rather than mortality studies are useful.

Liver disease and cancer

The liver is a primary target organ for long-chain PFAS storage, and accompanying 

experimental evidence of toxicity includes hepatocyte fat infiltration, specific P450 (CYP) 

pathway induction, apoptosis, hepatocellular adenomas and carcinomas, and disrupted fatty 

acid trafficking that can be peroxisome proliferator-activated receptor alpha (PPARα)-

dependent or -independent and present across species (Maestri et al. 2006; Cui et al. 2009; 

Wan et al. 2012; Huang et al. 2013; Perez et al. 2013; Filgo et al. 2015; Xu et al. 2016, 

2020a; Yao et al. 2016; Zhang L et al. 2016b; Hui et al. 2017; Li et al. 2017a; Guillette et al. 

2020; National Toxicology Program 2020a).

Population studies demonstrate significant associations of long-chain PFAS (>6 fluorinated 

carbons) exposure to higher liver enzymes, such as alanine aminotransferase in adults and 

adolescents (Sakr et al. 2007a; Gallo et al. 2012; Yamaguchi et al. 2013; Gleason et al. 2015; 

Attanasio 2019; Nian et al. 2019), including in longitudinal studies (Sakr et al. 2007b; 

Darrow et al. 2016). Following low-dose exposures, these associations may be more evident 

in obese participants (Lin et al. 2010; Gallo et al. 2012; Jain and Ducatman 2019e).

Based on experimental data (Martin et al. 2007; Wan et al. 2012; Wang et al. 2013; Das et al. 

2017), nonalcoholic fatty liver disease (NAFLD) has been investigated as a clinical outcome 

of PFAS exposure mediating consistent population PFAS-altered liver enzyme findings. 

Studies with NAFLD cytokeratin C18 biomarkers have provided supportive evidence for 

PFAS inducing steatosis (Bassler et al. 2019). Metabolomic studies have been directed at 

potentially explanatory human glycerophosphocholine and fatty acid profiles (Kingsley et al. 

2019; Salihovic et al. 2019; Wahlang et al. 2019). Processes which favor steatosis promote 

advanced liver disease including liver cancer in humans (Massoud and Charlton 2018; 

National Toxicology Program 2020a). Associations of PFAS with advanced human liver 
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disease and liver cancer are technically hard to study for reasons including (and not limited 

to) lethality, selection of comparison populations, and alterations of excretion mechanics 

associated with disease states. In a clinic-based study, mostly obese (85%) children aged 7 to 

19 yr with biopsy-proven NAFLD had more advanced disease associated with PFOS and 

PFHxS exposure as well as associations with lipid and amino acid pathways linked to 

NAFLD pathogenesis (Jin et al. 2020). However, an adult study reported that serum PFHxS 

was inversely associated with hepatic lobular inflammation in morbidly obese bariatric 

surgery patients (Rantakokko et al. 2015). A study of heavily exposed workers (n = 462, 

geometric mean serum PFOA of 4048 ng/mL) detected significantly increased incident 

mortality for cirrhosis (relative risk = 3.87, 95% CI 1.18–12.7) and liver cancer (relative risk 

= 6.69, 95% CI 1.71–26.2) compared to a regional population (Girardi and Merler 2019), 

whereas no PFAS association to cancer or advanced liver disease was reported in a 3M 

worker cohort or in the C8 Health study population (Lundin et al. 2009; Barry et al. 2013; 

Vieira et al. 2013).

Emerging animal toxicology and histology and human population data provide mechanistic 

clues that PFAS disrupt hepatic metabolism, leading to increased bile acid reuptake and lipid 

accumulation in liver (Salihovic et al. 2020; Schlezinger et al. 2020). A review of NAFLD 

and toxicant exposure concluded that PFAS are associated with early steatosis (“fatty liver”), 

the preclinical stage of NAFLD (Armstrong and Guo 2019).

Lipid and insulin dysregulation

Cross-sectional and longitudinal investigations indicate that PFAS increase serum total and 

low-density lipoprotein cholesterol in adults and children (Steenland et al. 2009; Frisbee et 

al. 2010; Nelson et al. 2010; Eriksen et al. 2013; Fisher et al. 2013; Fitz-Simon et al. 2013; 

Geiger et al. 2013; Fu et al. 2014; Starling et al. 2014; Winquist and Steenland 2014a; 

Skuladottir et al. 2015; Zeng et al. 2015; Koshy et al. 2017; Convertino et al. 2018; He et al. 

2018; Seo et al. 2018; Dong et al. 2019; Lin et al. 2019; Li et al. 2020; Liu G et al. 2020), 

including clinically defined high cholesterol (Steenland et al. 2009; Winquist and Steenland 

2014a; Lin et al. 2019). Studies of large populations, featuring wide exposure ranges, 

demonstrate that serum lipids rapidly increase beginning at background (1–10 ng/mL) serum 

concentration and then are followed by attenuating (“plateaued”) cholesterol measurements 

as (log-transformed) exposures to long-chain PFAS increase (Steenland et al. 2009; Frisbee 

et al. 2010; Li et al. 2020). These findings suggest partially saturable mechanisms; thus, the 

cholesterol dose response at pharmacologic or acutely toxic doses should be viewed with 

caution; associations can be missed or may be misleading when an environmental range of 

exposure is absent. At background exposure levels, residual associations may be more 

detectable in obese participants (Timmermann et al. 2014; Jain and Ducatman 2019d), a 

finding congruent with experimental PFAS outcomes in rodents fed “Western” or high-fat 

diets (Tan et al. 2013; Quist et al. 2015; Rebholz et al. 2016). Human gene expression 

pathways provide support for an interaction of obesity and PFAS exposures and suggest 

possible sex differences (Fletcher et al. 2013). A pharmacokinetic model predicts that 

approximately half of the PFOS-exposed population would experience a >20% rise in serum 

cholesterol (Chou and Lin 2020). Risk-assessment implications for low-PFAS dose increases 

in cholesterol have been noted (New Jersey Drinking Water Quality Institute Health Effects 
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Subcommittee 2017; Li et al. 2020), and a review of population and toxicity data concluded 

that dyslipidemia is the strongest metabolic outcome of PFAS exposure (Sunderland et al. 

2019).

Human PFAS lipid findings may be related to experimental findings of induced 

adipogenesis, impaired bile acid metabolism/synthesis, strongly decreased CYP7A1 enzyme 

activity, altered fatty acid transport, and intracellular lipid accumulation with steatosis, 

including in PPAR-α-null or PPAR-α-humanized animals (Guruge et al. 2006; Lau et al. 

2007; Bijland et al. 2011; Bjork et al. 2011; Wang et al. 2014; Filgo et al. 2015; Das et al. 

2017; Salihovic et al. 2019; Zhang et al. 2019; Behr et al. 2020a; Liu S et al. 2020b; 

Schlezinger et al. 2020). Independent of PFAS exposure, similar alterations in metabolic 

pathways have been related to disrupted fatty acid beta-oxidation and increased free 

cholesterol in toxicology studies (Perla et al. 2017).

Cross-sectional studies of diabetes outcomes can be misleading for reasons discussed in the 

renal section (see section Kidney disease, uric acid, and kidney cancer). Emerging 

longitudinal and diabetes clinical trial data indicate that PFAS may increase human insulin 

resistance, associated with dysregulated lipogenesis activity (Alderete et al. 2019; Lin et al. 

2019). Longitudinal studies of clinically diagnosed diabetes patients have sometimes 

associated PFAS exposures with diabetes (Sun et al. 2018) or with small changes in 

glycemic markers (Cardenas et al. 2017); however, diabetes associations to date are not 

consistent (Karnes et al. 2014; Cardenas et al. 2017; Donat-Vargas et al. 2019). Future 

studies should consider whether PFAS may instigate autoimmune diabetic outcomes in 

humans, as shown in experimental studies (Bodin et al. 2016). Experimental data reveal that 

PFAS activate G protein-coupled receptor 40, a free fatty acid-regulated membrane receptor 

on islet ß cells, stimulating insulin secretion (Qin et al. 2020; Zhang L et al. 2020).

Kidney disease, uric acid, and kidney cancer

Extended human half-lives of long-chain PFAS are attributed to active renal tubular 

reabsorption. Of concern, legacy PFAS such as PFOA and PFOS are concentrated in renal 

tissues, and histopathologic, molecular, oxidative stress, and epigenetic studies provide 

evidence of potential nephrotoxicity (Wen et al. 2016; Stanifer et al. 2018; Sakuma et al. 

2019; Rashid et al. 2020). In addition, the strong influence of kidney reabsorption on the 

extended half-lives of long-chain PFAS is consistent with both human protein binding and 

experimental PFAS excretion data.

Human studies have associated legacy PFAS exposure to diminished glomerular filtration 

and/or defined chronic kidney disease in adults and children (Shankar et al. 2011; Watkins et 

al. 2013; Kataria et al. 2015; Blake et al. 2018). However, this outcome may be due to 

reverse causation (Watkins et al. 2013; Dhingra et al. 2017). Some reviews of the available 

epidemiologic and toxicologic evidence suggest causative links between PFAS and 

diminished kidney function and chronic kidney disease (Stanifer et al. 2018; Ferrari et al. 

2019); these authors also note several knowledge gaps and uncertainty about which 

proposed mechanisms of action are most important. A propensity score approach to 

NHANES data (Jain and Ducatman 2019c; Zhao et al. 2020) and a study with repeated 
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PFAS and health measures over an 18-yr period (Blake et al. 2018) recently concluded that 

PFAS exposure likely causes diminished renal glomerular filtration.

Uric acid, a biomarker of increased risk for renal disease (Obermayr et al. 2008), is also 

consistently associated with PFAS exposure in adults and children (Steenland et al. 2010; 

Geiger et al. 2013; Gleason et al. 2015; Kataria et al. 2015; Qin et al. 2016; Zeng et al. 

2019), including a visible dose-response curve that begins at or near historic background 

levels in human populations (Steenland et al. 2010; Zeng et al. 2019). Serum PFAS 

concentrations exhibit an inverted U-shaped pattern related to glomerular filtration, initially 

exhibiting a modest accumulation as glomerular filtration begins to decrease and then 

decreasing in advancing renal disease, likely due to failure of normal strong reabsorption 

mechanisms in moderate to severe kidney disease (Jain and Ducatman 2019c). This finding 

is more dramatic across stages of glomerular filtration when there is also albuminuria (Jain 

and Ducatman 2019b). Studies suggest that the association of PFAS to uric acid is not due to 

reverse causation and is underestimated because the failing kidney excretes long-chain PFAS 

but retains uric acid. An implication is that population outcomes that occur in the presence 

of either albuminuria or moderate to severe renal disease such as hypertension (Jain 2020) 

increasing presence of and uric acid (a biomarker of renal disease; Jain and Ducatman 

2019a; Zeng et al. 2019) can be underestimated in cross-sectional studies; in other words, 

the link between these health outcomes and PFAS exposure is obscured in these studies 

because of enhanced PFAS excretion patterns in the presence of either albuminuria or 

moderate to severe kidney disease. Furthermore, the strong influence of renal reabsorption 

on the long half-lives of long chain PFAS is consistent with both human protein binding of 

PFAS and experimental PFAS excretion rates in high-dose rodent studies (Cheng and Ng 

2017).

Kidney cancer diagnoses have been increasing since 1975, a finding that is partially 

independent of improved detection, with 5-yr cancer-specific survival of approximately 80% 

(Gandaglia et al. 2014). The C8 Health studies noted longitudinal (n = 32 254) increases of 

kidney cancer (hazard ratio = 1.10, 95% CI 0.98–1.24) and kidney cancer mortality 

(Steenland and Woskie 2012; Barry et al. 2013; Vieira et al. 2013). A review of 6 published 

studies found long-chain PFAS exposure associated with kidney cancer or kidney cancer 

mortality, with risks ranging from 1.07 to 12.8 (Stanifer et al. 2018). Subsequent preliminary 

data from the heavily exposed Veneto, Italy, population also suggest a significant increase in 

kidney cancer mortality with PFAS exposure (Mastrantonio et al. 2018). Evidence is 

accumulating for PFAS as a cause of chronic disease and kidney cancer. Study designs must 

consider the peculiar PFAS excretion mechanics involved in and associated with kidney 

disease.

Reproductive and developmental outcomes

Exposure to PFOA impairs human sperm motility and sperm penetration into viscous media 

(Sabovic et al. 2020; Yuan et al. 2020) and is longitudinally associated with lower sperm 

concentration and count and higher adjusted levels of luteinizing and follicle-stimulating 

hormones in young men (Joensen et al. 2009; Vested et al. 2013; Song et al. 2018). Serum 
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concentrations of PFAS are also cross-sectionally associated with deleterious markers of 

semen quality (Louis et al. 2015; Pan et al. 2019).

Legacy and emerging PFAS have been found in follicular fluid (Kang et al. 2020). They 

appear to alter endometrial regulation such as progesterone activity in young women (Di 

Nisio et al. 2020b) and possibly menstrual cycle length (Lum et al. 2017). Associations with 

menarche and menopause may be substantially due to reverse causation because 

menstruation is a route by which women eliminate PFAS (Dhingra et al. 2017), partially 

explaining why men have higher PFAS levels than women in the same communities. Women 

on birth control and who do not menstruate or with poor cyclicity because of age, activity 

level, or disease may have elevated PFAS levels in comparison with menstruating women. 

Exposure to PFAS has been associated with endometriosis in the United States and in China 

(Louis et al. 2012; Campbell et al. 2016; Wang B et al. 2017a), but the specific PFAS 

associated with this effect vary among studies.

Time-to-pregnancy (fecundity) studies provide indirect evidence of changes in fertility. 

Methodologic considerations include maternal and paternal age, parity (which in turn affects 

serum PFAS), and health status. Among 1240 women in the Danish National Birth Cohort, 

PFOS exposure was associated with decreased fecundity (median serum PFOS 35.5 ng/mL; 

Fei et al. 2009). Reverse causation may explain this finding because it is duplicated in 

parous, but not among nonparous, women (Whitworth et al. 2012; Bach et al. 2015). 

Prospective odds of actual infertility in the Maternal-Infant Research on Environmental 

Chemicals cohort (n = 1743) at low-dose exposures were associated with PFOA (geometric 

mean 1.66 ng/mL; odds ratio = 1.31, 95% CI 1.11–1.53) and PFHxS (odds ratio = 1.27, 95% 

CI 1.09–1.48; Velez et al. 2015). The reported fertility rate improved following water 

filtration in a PFAS-contaminated community (incidence rate ratio 0.73, 95% CI 0.69–0.77 

prior to filtration) along with measures of birth weight (Waterfield et al. 2020).

Per- and polyfluoroalkyl substances reliably move across the placenta and enter breast milk 

(Gyllenhammar et al. 2018; VanNoy et al. 2018); serum PFAS levels in young children 

generally exceed maternal serum concentrations (Fromme et al. 2010; Papadopoulou et al. 

2016; Eryasa et al. 2019). Population studies provide evidence that breastfeeding duration 

and milk quantity are adversely affected by PFAS exposure (Romano et al. 2016; 

Timmermann et al. 2017b; Rosen et al. 2018).

A systematic review reported that PFOA exposure was associated with a small decrease in 

infant birth weight; the meta-analysis estimated that a 1-ng/mL increase in PFOA was 

associated with an approximately 19-g reduction (95% CI −29.8 to −7.9 g) in birth weight 

(Lam et al. 2014). The authors noted similarities in experimental studies (Johnson et al. 

2014; Koustas et al. 2014) and concluded that there was “sufficient” human and 

corroborative toxicology evidence of a detrimental effect of PFOA on birth weight (Johnson 

et al. 2014; Koustas et al. 2014; Lam et al. 2014). However, another meta-subpopulation 

analysis, focused on early pregnancy or the time shortly before conception, detected only a 

small and nonsignificant association, which was less subject to bias (Steenland et al. 2018a). 

Different approaches to the possible confounding role of shifting glomerular filtration rates 

in pregnancy can affect interpretations; evidence suggests this consideration can, at most, 
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only partially explain associations of PFAS exposure to decreased birth weight (Interstate 

Technology and Regulatory Council 2020; Wikstrom et al. 2020). A recent review of mostly 

prospective cohort studies (n = 24 studies) noted PFAS associated with altered fetal and 

postnatal growth measures, such as lower birth weight. Many (n = 22) of the relevant studies 

suggest developmental and childhood immunomodulatory effects, whereas 21 studies 

concerning neurodevelopment were inconclusive (Liew et al. 2018). The authors of the 

review noted methodologic challenges of developmental and newborn epidemiology, 

including consideration of critical exposure windows for developmental effects, the effects 

of breastfeeding and parity on maternal PFAS levels, and the variety of possible mechanistic 

explanations for growth outcomes, such as disruption of glucocorticoid and thyroid hormone 

metabolism in utero (Liew et al. 2018). Recent Faroe Island studies report that prenatal 

PFAS effects on thyroid hormone status do not support a causal relationship (Xiao et al. 

2020).

Review articles suggest that prenatal exposure to PFOA may increase risk of subsequent 

childhood adiposity, noting that steroid hormones, retinoid X receptor, and other pathways 

may be contributing to this effect (Halldorsson et al. 2012; Hall and Greco 2019). 

Prospective evidence supports this relationship in adults with a high risk of diabetes 

(Cardenas et al. 2017). However, some well-performed community studies do not support 

this outcome in adults or children (Barry et al. 2014; Martinsson et al. 2020).

Based on several preliminary findings, supported by longitudinal follow-up studies (Stein et 

al. 2009; Savitz et al. 2012; Darrow et al. 2013; Avanasi et al. 2016a, 2016b), the C8 Science 

Panel concluded that PFOA is probably linked to pregnancy-induced hypertension or 

preeclampsia. Population-level evidence implicating additional PFAS having this effect has 

included studies with longitudinal designs (Huang et al. 2019; Wikstrom et al. 2019; 

Borghese et al. 2020). Experimental support includes PFAS effects on human trophoblast 

migration in vitro (Szilagyi et al. 2020) and recent evidence of PFOA and GenX (or 

hexafluoropropylene oxide dimer acid) effects on mouse placenta, as well as excessive 

gestational weight gain (Blake et al. 2020). However, a recent longitudinal study did not find 

an association of PFAS with pregnancy-associated hypertension (Huo et al. 2020).

The possibility that circulating PFAS may reduce bone mineral density has been 

investigated. Cross-sectional and practical trial associations have been found in adults (Lin 

et al. 2014; Hu et al. 2019; Di Nisio et al. 2020a), and there is emerging longitudinal 

evidence from a mother and child pair study indicating that children may also be affected 

(Cluett et al. 2019).

Testicular cancer diagnoses are increasing steadily, a trend unrelated to improved detection 

(Cheng et al. 2018; Park et al. 2018). Most patients diagnosed (>90%) will be cured and die 

of other causes; mortality studies therefore provide little help in understanding disease risk 

factors. The C8 Science Panel detected longitudinal evidence for increased testicular cancer 

risk (1.35, 95% CI 1.00–1.79) for cumulative PFOA exposure (Barry et al. 2013). There are 

ample supportive data of testicular damage following PFAS exposure, including strong 

evidence of endocrine disruption; but the cell-specific associations are different in humans 

(germ cell) than the outcomes in rodents (stromal).
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Per- and polyfluoroalkyl substances have deleterious effects on conception, pregnancy, and 

infant development. The underlying birth weight data are mostly supportive, although the 

subsequent growth and adiposity literature is mixed. The most sensitive reproductive and 

developmental outcomes are a topic of ongoing discussion.

Outcomes replicated across populations, such as perfluorocarboxylate (PFCA) and 

perfluorosulfonate (PFSA) exposures associated with down-regulation of immune response; 

increases in cholesterol, liver enzymes, and uric acid; alterations in thyroid hormone binding 

proteins; growth deficits; and effects on breast milk and lactation, indicate priority areas for 

understanding mechanisms and health implications.

CURRENT KNOWLEDGE OF PFAS TOXICITY IN EXPERIMENTAL MODELS

Animal studies have focused most intensely on PFOA and PFOS, using laboratory rodents 

and, more recently, zebrafish as models. Perfluoroalkyl acids of varied carbon-chain lengths 

as well as a few replacement chemicals with ether linkages in the carbon backbone (such as 

GenX and 3H-perfluoro-3-[(3-methoxy-propoxy)propanoic acid], or ADONA) have also 

been examined, with outcome profiles thus far generally consistent with legacy chemicals. 

The varying extent of responses is likely related to toxicokinetic disposition (excretion or 

half-life) and relative potency and affinity of the individual chemical for binding to receptor 

proteins. Some PFAS (i.e., PFHxS, PFOA, and PFNA) have longer half-lives in mice than 

rats and typically much longer half-lives in humans (Table 1). These differences in 

elimination kinetics complicate the cross-species evaluation of toxicity. In addition, some 

PFAS (such as PFOA and PFNA) exhibit a profound sex difference in the rate of chemical 

elimination and bioaccumulation in the rat: females eliminate them much faster than males 

(Table 1). Sex differences in half-lives, although important, are much smaller in humans and 

have a different explanation. The mouse also typically has more limited sex-based PFAS 

elimination differences, making this species more amenable for extrapolation to humans, 

especially for mechanistic and toxicity evaluations.

In general, human health effects associated with PFOA and PFOS exposure (described in 

section Current Knowledge of PFAS Toxicity in Humans) have also been reported in animal 

models: hepatic/lipid metabolic toxicity, developmental toxicity, immune suppression, tumor 

induction, endocrine disruption, and obesity. These findings are often derived from well-

controlled laboratory experiments in more than one species using wide dose ranges that are 

often orders of magnitude higher than typical human exposure, to account for differences in 

half-life across species. Some of the phenotypic findings are supported by in vitro 

mechanistic investigation and/or molecular queries on target tissues. Our understanding of 

the toxicologic properties of PFAS other than PFOA and PFOS is notably less advanced and, 

in the case of emerging replacements and by-products, completely unexplored.

Hepatic and metabolic toxicity

In rodent studies, dose-dependent increases in liver weight, in hepatocellular hypertrophy 

associated with vacuole formation, and with or without increased peroxisome proliferation 

have been observed with a significant body burden of PFAS, especially for the most 

persistent and potent long-chain homologs. Hepatocyte proliferation, necrosis, and apoptosis 
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are outcomes occurring at relatively low doses. This is also true for a new replacement 

chemical, GenX, which altered liver histopathology and function and increased apoptosis in 

mice and fish (Blake et al. 2020; Guillette et al. 2020). Correspondingly, transcriptional 

activation of mouse and, to a lesser extent, human PPARα-related genes in liver was 

detected in adult-exposed models; activation of other nuclear receptors such as PPARγ, 

constitutive androstane receptor (CAR), and pregnane X-receptor (PXR) has also been 

reported. These nuclear receptors, metabolic sensors that regulate lipid and glucose 

metabolism and transport and inflammation, tend to be more responsive in tissues of rodents 

than in humans (Wolf et al. 2012; Rosen et al. 2017). Recent work using developmental 

models reports that mitochondrial dysfunction is associated with hepatocellular hypertrophy 

in young adult mice (Quist et al., 2015) and that other fatty acid metabolism pathways are 

activated (Jones et al. 2003; Shabalina et al. 2016). Steatosis is also a common feature of 

PFAS chronic exposure in rodents. Exposure in rodent models typically decreases serum 

cholesterol, whereas elevations of circulating cholesterol levels have been reported in 

humans. The mode of action concerning serum cholesterol is debatable. For example, PFOA 

exposure increased liver weight, increased liver enzymes, and led to persistent 

histopathological changes (particularly damage to the bile duct) in livers of wild-type and 

PPARα-null rodent strains (reviewed in Division of Science and Research, New Jersey 

Department of Environmental Protection 2019). Many of these effects are reversible on 

cessation of PFAS exposure, and this observation has been interpreted by some as evidence 

of “adaptive” responses to exposure. However, this reversibility is irrelevant to ongoing 

environmental PFAS exposure (for instance, from drinking water) because exposure will 

persist until contamination is remediated. In summary, there is a strong confluence of animal 

toxicology and histology and human population data that PFAS disrupt hepatic metabolism 

and lead to lipid accumulation in liver, although the mechanism(s) is unclear. Effects on bile 

acid metabolism, mitochondrial perturbation, and cholestatic mechanisms deserve further 

investigation at human-relevant exposures.

Reproductive and developmental toxicity

Only a few reproductive toxicity studies of males and females are available, primarily 

focusing on long-chain PFAS. Profound developmental toxicity has been described 

following gestational and lactational exposure to PFOS, PFOA, and PFNA in mice 

(Thibodeaux et al. 2003; Lau et al. 2006; Das et al. 2015) and in mice and rats gestationally 

exposed to GenX (Conley et al. 2019; Blake et al. 2020). Neonatal morbidity and mortality 

were seen with exposure to high doses of legacy PFAS; growth deficits and developmental 

delays were noted in offspring exposed to lower doses. Evidence of lactation impairment 

was seen in mice at doses of 5 mg PFOA/kg body weight (White et al. 2007), leading to 

increased offspring mortality (Lau et al. 2006); recent studies have indicated a role of 

placental dysfunction in these adverse developmental outcomes (Blake et al. 2020). Deficits 

of mammary gland development were also observed in mice exposed to PFOA (doses of 1 

mg/kg body wt and lower) during gestation, which persisted into adulthood, although these 

exposure levels did not alter body weight, lactational function, or neonatal growth of 

offspring (F1 or F2 mice; Macon et al. 2011; White et al. 2011b; Tucker et al. 2015). 

Systematic reviews support a relationship between in utero exposure to PFOA and PFOS 

and reduced fetal growth in animals and humans, and the relationship between PFOA and 
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reduced fetal growth in mice was recently validated (Koustas et al. 2014; Blake et al. 2020). 

Also, PFAS are reported to have reproductive effects such as ovulation failure in mice 

(Zhang Y et al. 2020).

Immunotoxicity

A few long-chain PFAS (PFOS, PFOA, PFNA, and PFDA) have been shown to alter 

immune status in rodents and non-human primates. Effects are predominantly 

immunosuppressive and include reductions in thymus and spleen weights and associated 

immune cell populations, in numbers of circulating immune cells, in certain aspects of 

innate immunity (i.e., natural killer cell cytotoxicity), in infectious disease resistance, and in 

antibodies produced in response to an antigen (i.e., analogous to the vaccine response in 

humans). In their 2018 draft Toxicological Profile for Perfluoroalkyls, the US Agency for 

Toxic Substances and Disease Registry (ATSDR) noted changes to the aforementioned 

immune parameters observed in experimental rodents exposed to PFOA, PFOS, PFNA, 

PFHxS, PFDA, perfluorobutanesulfonic acid (PFBS), or perfluorobutanoic acid (PFBA; 

Agency for Toxic Substances and Disease Registry 2018). The US National Toxicology 

Program conducted a systematic review of the immunotoxicological literature for PFOA and 

PFOS and concluded that PFOA and PFOS were presumed to be immune hazards to humans 

based on a high level of evidence for suppression of antibody responses in experimental 

animals and a moderate level of evidence for suppression of antibody responses in humans 

(National Toxicology Program 2016). The ATSDR (Agency for Toxic Substances and 

Disease Registry 2018) also included a decreased antibody response to vaccines (PFOA, 

PFOS, PFHxS, and PFDA) and increased risk of asthma diagnosis (PFOA) among the list of 

adverse health effects in PFAS-exposed humans. Reduction in the antibody response to a 

vaccine, an adaptive immune function, is a well-accepted measure of immunotoxicity, is 

consistent with the mode of action for the effects of fatty acids on immune system function 

(Fritsche 2006), and is compelling evidence that the immune system is a sensitive target of 

PFAS.

Tumor induction

Per- and polyfluoroalkyl substances are not known to be directly mutagenic; PFOA, PFOS, 

and other tested PFAS show little or no evidence for induction of gene mutation, 

clastogenicity, or aneuploidy in vitro or in vivo by a direct mode of action (see EFSA Panel 

on Contaminants in the Food Chain [2020] for details). There is evidence that PFAS can 

induce DNA damage, such as strand breaks, and other genotoxic effects, secondary to 

oxidative stress (EFSA Panel on Contaminants in the Food Chain 2020). This occurs at 

concentrations or doses that are high relative to human environmental exposures to PFAS, 

and the mechanism is such that their dose-response will be sublinear. Hence, PFAS are 

unlikely to be of mutagenic concern in exposed populations.

In adult-exposed rodents and fish, PFOA and PFOS have been shown to induce tumors. 

Liver adenomas, pancreatic acinar cell tumors, and testicular Leydig cell adenomas have 

been detected in rats treated chronically with PFOA (IARC Working Group on the 

Evaluation of Carcinogenic Risks to Humans 2017) as well as its replacement, GenX 

(Caverly Rae et al. 2015). Following gestational and chronic exposure to PFOA, 58% of 
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male rats demonstrated pancreatic tumors at the lowest dose administered (National 

Toxicology Program 2020b). This finding has spurred Minnesota and California 

policymakers to consider cancer as an endpoint in risk assessment, whereas the European 

Food Safety Authority (EFSA Panel on Contaminants in the Food Chain 2020) has the 

opinion that there is not adequate evidence for a link between exposure to PFAS and cancer 

risk in humans. This “tumor triad” profile has been associated with the PPARα-mediated 

molecular signaling pathway in rats exposed to high doses of PFAS. Consequently, liver 

tumors involving this mode of action are not considered relevant to humans at equivalent 

PFAS exposures (Post et al. 2017). The human relevance of PPARα-mediated pancreatic 

tumors in rodents remains to be determined. Liver lesions evident in PPARα-null mice 

exposed to PFOA during pregnancy and lactation (Filgo et al. 2015) suggest a non-PPARα-

mediated liver response. Induction of liver tumors mediated by estrogen receptor (ER) 

activation has also been reported in fish (Tilton et al. 2008), and several non-PPARα-

mediated hypotheses, including increased reactive oxygen species formation, oxidative 

stress, and mitochondrial dysfunction; decreased tumor cell surveillance by the immune 

system; and diminished gap junction cellular communication, are documented (IARC 

Working Group on the Evaluation of Carcinogenic Risks to Humans 2017; New Jersey 

Drinking Water Quality Institute Health Effects Subcommittee 2017).

Endocrine disruption

The primary evidence for the endocrine-disrupting potential of PFAS involves induction of 

hypothyroxinemia and reduction of serum testosterone in rats. An early review of PFAS 

endocrine-disrupting properties in humans concluded that the “thyroid may be one axis 

significantly affected by PFOA exposure while the animal toxicology literature is less 

certain due to technical issues” (White et al. 2011a).

The effects of PFAS on thyroid hormone status detected in animal studies differ from 

classical hypothyroidism, in that reduction of circulating total thyroxine is not accompanied 

by a compensatory increase of TSH. A possible mechanism for these effects may be related 

to the propensity of protein binding of legacy PFAS, which could lead to displaced total 

thyroxine binding to its carrier proteins (transthyretin and thyroxine-binding globulin). 

Human population studies augment animal data showing that PFAS interact with thyroid 

hormone binding proteins (Berg et al. 2015; Ren et al. 2016; Zhang J et al. 2016a), one of 

several mechanisms by which PFAS can perturb feedback relationships between free thyroid 

hormone available to cells (free total thyroxine) and the hypothalamic-pituitary axis. Some 

estrogenic effects of PFAS have also been illustrated by in vitro studies, although there is no 

evidence of direct transactivation of estrogen, androgen, or glucocorticoid receptors (Behr et 

al. 2018, 2020b).

The evidence for PFAS affecting ER signaling in humans and animals is mixed. Although 

studies have identified some PFAS as being without estrogenic activity (Behr et al. 2018; 

Borghoff et al. 2018; Gogola et al. 2019), others suggest an ability of PFAS to modulate or 

even activate ER-mediated effects (Benninghoff et al. 2010; Kjeldsen and Bonefeld-

Jørgensen 2013; Wang et al. 2018; Bjerregaard-Olesen et al. 2019; Qiu et al. 2020), with 

some effects only observed in aquatic organisms (Wei et al. 2009; Chen et al. 2016, 2018). 
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Microarray analyses of human primary hepatocytes confirmed that PFOA activated the ER 

pathway (Buhrke et al. 2015).

Neurotoxicity

Potential adverse effects of PFAS on the nervous system and functions have not been widely 

investigated. A few studies reported neurotoxicity of PFOS, PFHxS, and PFOA in cell 

culture systems (Slotkin et al. 2008), as well as altered behavioral responses (Goulding et al. 

2017) and deficits in learning and memory ability in rodents (Viberg et al. 2013). In contrast, 

no significant developmental neurotoxic effects were seen from prenatal exposure to PFOS 

in USEPA guideline-based studies with rats (Butenhoff et al. 2009).

Obesity

Numerous cell-based assays in human and mouse pre-adipocytes and animal studies with 

and without high-fat diets have consistently shown that some PFAS have the potential to 

increase lipid production by adipocytes and fat pads (van Esterik et al. 2016). Exposure of 

pregnant mice to low doses of PFOA produced obesity in young adult female offspring 

(Hines et al. 2009; van Esterik et al. 2016), a finding that was re-capitulated in Danish 

women exposed in utero to PFOA (Halldorsson et al. 2012). Both PFOA and GenX 

increased weight gain of pregnant mice (Blake et al. 2020), an effect also seen in women 

during pregnancy (Ashley-Martin et al. 2016), although discordant results have been 

reported in other studies (Barry et al. 2014; Ngo et al. 2014). These apparently disparate 

findings in experimental models may be associated with differences among mouse strains 

examined, exposure periods, statistical methodology, and/or the rodent diets used.

There are specific differences in human and rodent health outcomes that deserve further 

investigation: 1) cholesterol metabolism, 2) thyroid effects, 3) mode of action for liver 

effects (different or same), and 4) kidney transporter or other mode of action leading to large 

differences in half-life. However, species concordance in the 6 human health effects 

discussed in the present review supports a weight of evidence for these effect for the handful 

of extensively studied PFAS.

Human health advisory and guidance values for a few PFAS have been issued to date by the 

USEPA, the ATSDR, several individual state environmental agencies or health departments, 

as well as regulatory agencies in Canada and Europe that are largely (but not exclusively) 

based on toxicological findings in animal models. However, risk-assessment scientists have 

not reached consensus in selecting a singular apical endpoint as the basis for a point of 

departure for assessments. Three toxicological features of PFAS that have been commonly 

highlighted, based on their sensitivity (low dose effect), strength of evidence (robust 

corroborating studies with mechanistic support for human relevance), and corresponding 

findings noted in epidemiological investigation, are hepatotoxicity (and alterations in lipid 

metabolism), developmental toxicity, and immunotoxicity. It should be noted that apical 

endpoints that drive risk assessments often differ among individual PFAS, perhaps 

highlighting the complexity of these chemicals and the family of PFAS, in general.
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IMPORTANCE OF TOXICOKINETICS IN UNDERSTANDING PFAS TOXICITY

Species and sex differences

Few of the substantial number of structurally diverse PFAS have been tested for 

toxicological effects. Some available toxicological information has come from studies in 

animals, where marked species and (in rat) sex differences in half-life for some PFAS (Table 

1) have been observed and the relevance to humans is uncertain. These differences are due to 

toxicokinetic and toxicodynamic factors. There are also differences in mean PFAS serum 

levels between men and women in the same communities. Children may have elevated 

serum levels compared to parents, even with the same exposures (Emmett et al. 2006; Daly 

et al. 2018; Graber et al. 2019), for reasons relating to transplacental transfer, breastfeeding, 

and body mass (Emmett et al. 2006; Daly et al. 2018; Graber et al. 2019; Blake et al. 2020). 

Transplacental transfer of PFAS confers a substantial burden to the newborn infant. Because 

the infant has a smaller overall mass and blood volume, PFAS are concentrated, increasing 

PFAS per volume (Koponen et al. 2018). In addition, transfer of PFAS is common through 

lactation, and the longer a child breastfeeds, the higher the body burden (Gyllenhammar et 

al. 2018; VanNoy et al. 2018).

Effects of comorbidity on PFAS toxicokinetics

Factors affecting renal function can influence PFAS toxicokinetics. As discussed, opposing 

types of causation should be considered. Human toxicokinetics appear to vary 

bidirectionally with changing renal function, leading to nonmonotonic dose-response 

relationships and, depending on the study goal, possibly to errors in estimating disease 

associations. As progress is made in the field of PFAS toxicokinetics, new chemistries may 

have different clearance factors and nuances that vary by PFAS group or structures, and that 

will need to be investigated to accurately model half-lives in different exposure subgroups.

Sources of information on toxicokinetics in humans: strengths and limitations of studies

Some PFAS half-life data in humans were obtained from retired industry workers, 

particularly those who worked with PFOS, PFOA, and PFHxS (Olsen et al. 2007). Since 

then, these estimates have been modified slightly or confirmed with longitudinal data and 

modeling from contaminated communities once uncontaminated water options were 

provided (Bartell et al. 2010; Li et al. 2018). Other contemporary PFAS estimates are 

derived from biomonitoring studies of production workers, blood donors, study participants, 

and/or occupationally exposed cohorts (Olsen et al. 2009, 2017; Russell et al. 2013; Zhang 

et al. 2013). Some caution must be taken in using these data because variables affecting 

PFAS clearance may not be taken into consideration (age, sex, menstruation, disease, and 

medication status) and may contribute to confounding.

The challenge in determining a reliable human half-life in these types of studies is that 

exposure does not end with a clean water source, retirement, or a change of job and that 

continued exposures vary over potential depuration periods. Model components may also 

vary in subclasses. Children (small blood volumes and a large fraction of exposures comes 

from drinking), pregnant women (large increase in blood volume and water intake), parous 

women (transfer to fetus and breast milk), and athletes (water intake elevated) are examples 
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of subpopulations with expected variation in half-life compared to adult men (Post et al. 

2017). There will be more human estimates of PFAS forthcoming that involve variations in 

half-life (Post et al. 2017). Realistic computational modeling can help, so long as it clearly 

characterizes exposures and applicable populations. The continued goal should be to provide 

predictive values for those PFAS lacking actual measurements, based on chemical structures 

and trusted physiological parameters.

Physiologically based pharmacokinetic/toxicokinetic modeling in different-aged 
populations

In the blood and other tissues, PFAS toxicokinetics are influenced by their interactions with 

proteins (Andersen et al. 2006; Katakura et al. 2007; Nakagawa et al. 2008; Weaver et al. 

2009; Figure 2). Certain toxicokinetic features are saturable, and thus dosing in toxicokinetic 

studies is of profound importance. Studies of renal reabsorption mechanisms in mammals 

show that reduced activity of transporters such as organic anion transporting polypeptide 

1a1, through inactivation (e.g., genetic manipulation, castration, treatment with estrogen) or 

by saturation at increasing doses, leads to substantial reductions in half-lives of PFOA and 

PFOS (Andersen et al. 2006; Nakagawa et al. 2008; Weaver et al. 2009; Yang et al. 2009).

These protein-associated toxicokinetic processes were recently incorporated into a model for 

PFOA in the male Sprague-Dawley rat (Cheng and Ng 2017), which provides a useful 

platform to explore how changes in protein interactions might affect estimates of PFAS half-

life (Figure 3). At high doses, it is typical to see clear biphasic behavior with rapid initial 

clearance, during which the serum half-life appears to be shorter especially at high enough 

doses that processes such as renal reabsorption are saturated, followed by a much longer tail 

(Figure 3A). In a similar fashion, the magnitude of internal dose and rate of serum clearance 

can be profoundly influenced by proteins known to bind PFAS, such as serum albumin 

(Figure 3B). Increasing and decreasing the extent of reabsorption in the kidney increases and 

decreases the serum half-life, respectively (Figure 3C). Finally, the effect of saturating 

reabsorption is magnified when the half-life is longer because of increased serum binding 

(Figure 3D). In this case, taking an initial slope to calculate the serum half-life at high doses 

would lead to a profound underestimation.

Differences in protein expression, circulating levels, and even protein type across 

populations, sex, and species could lead to important species and sex differences in PFAS 

biological half-lives (Han et al. 2012); such differences should be investigated and taken into 

account in the extrapolation to human equivalent doses. Because expression of proteins may 

change at different life stages, clearance factors and toxicokinetics may also change.

Given the large number of species-, sex-, and age-specific differences that have been 

observed, coupled with the lack of data for many PFAS, the parameterization of complex 

physiologically based toxicokinetic models remains a persistent challenge. Therefore, lower-

resolution models (e.g., one-compartment or few-compartment models) may be more 

appropriate for species and settings where insufficient data are available for reasonably 

accurate parameterization. Alternatively, in silico and in vitro methods are under 

development that could aid in parameterization in the absence of in vivo data, as discussed in 

the section New approaches for developing PFAS toxicity information.
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SO MANY PFAS, SO LITTLE TIME: ACCELERATING THE PACE OF 

DISCOVERY

Importance of determining mode of action and adverse outcome pathways

Information on modes of action and/or adverse outcome pathways (AOPs) is invaluable in 1) 

establishing human relevance of experimental evidence, 2) assessing causality in 

epidemiological studies, 3) applying “read-across” to PFAS for which there is little 

toxicological information, 4) assessing risks from mixtures, 5) guiding development and 

interpretation of new approach methodologies, 6) informing the development of biomarkers 

in epidemiologic investigation, and 7) identifying potentially vulnerable subpopulations and 

life stage-specific effects (Meek et al. 2014; LaLone et al. 2017). Verified modes of action 

and AOPs can inform risk assessment based on intermediate effects and enable development 

of new methodology-based approaches to assess PFAS safety (Meek et al. 2014).

Postulated modes of action/AOPs for PFAS

Mechanistic studies have been performed on only a few PFAS. These have been shown to 

activate a range of putative molecular initiating targets, among which are the nuclear 

receptors PPARα, PPARγ, PPARβ/δ, CAR, PXR, liver X receptor α, and ERα (Bijland et 

al. 2011; Bjork et al. 2011; Rosen et al. 2017; Li et al. 2019). However, modes of action 

verified by agreed procedures (World Health Organization 2020) have been established for 

few reported effects of PFAS, and those that have been interrogated involve activation of 

PPARα and, at higher doses, CAR as molecular initiating events (Klaunig et al. 2012; Rosen 

et al. 2017). Several AOPs involving these molecular targets are in various stages of 

development (Organisation for Economic Co-operation Development 2020), but few have 

been endorsed by the OECD following its agreed procedures (Organisation for Economic 

Co-operation Development 2017). Demonstration of receptor activation alone is insufficient 

to establish involvement of a mode of action or AOP in an observed effect, for which an 

overall weight-of-evidence approach is necessary (World Health Organization 2020).

Andersen et al. (2007) provide a useful, albeit dated, review of possible PFAS modes of 

action. Established modes of action are restricted largely to the liver and include species-

specific hepatic hyperplasia and liver tumors (Butenhoff et al. 2012; Elcombe et al. 2012; 

Corton et al. 2018). Available studies on PFBS, PFHxS, perfluorohexanoic acid, PFNA and 

PFDA suggest that they share molecular targets with similar consequences, albeit with 

differences in potency, in part due to differences in their excretion and protein-interaction 

kinetics (Zeilmaker et al. 2018). However, studies in vitro have established intrinsic 

differences in potency among PFAS analogues. Potency in activating PPARα showed some 

relationship with PFAS chain length (Wolf et al. 2008). A mode of action or AOP provides a 

causal chain of key events between chemical exposure and outcome. The established modes 

of action for PFOS and PFOA provide a causal explanation for development of liver tumors 

observed in rodents on exposure to these compounds, through activation of PPARα, and the 

possible relevance to humans. However, this does not mean that other effects of PFAS are 

due to activation of PPARα or that other pathways might not lead to liver tumors in humans, 

such as secondary to the primary effect of steatosis.
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Until recently, there has been little study of modes of action/AOPs for effects of PFAS other 

than hepatic outcomes in rodents, particularly for critical effects, such as 

immunosuppression and developmental toxicity, and from PFAS other than PFOS and PFOA 

(EFSA Panel on Contaminants in the Food Chain 2020; Temkin et al. 2020). The ability of 

various PFAS to interact with and modify lipid metabolism is, however, an intriguing 

hypothesis (Xu et al. 1999; Jones et al. 2003; Andersen et al. 2007; Tan et al. 2013; Pouwer 

et al. 2019). Other putative molecular initiating/key events for PFAS, in addition to nuclear 

receptor activation, include gap junctional inhibition to disrupt cell-cell communication, 

mitochondrial dysfunction, interference of protein binding, partitioning into lipid bilayers, 

oxidative stress, altered calcium homeostasis, and inappropriate activation of molecular 

signals controlling cell functions. Many of these effects are consistent with a nonspecific 

action of PFAS on the cellular lipid membrane (Spector and Yorek 1985; Bourre et al. 1989; 

Dodes Traian et al. 2012; Casares et al. 2019). However, these alternative events lack robust 

evidence to support a specific pathophysiological role in the multifaceted effects of PFAS. A 

better characterization of the modes of action/AOPs for PFAS toxicities remains an 

important area of future investigation, necessary to improve our understanding of PFAS 

impacts on human health.

At present, there is insufficient evidence to determine which of, and to what extent, these 

molecular interactions play a pathophysiological role in observed adverse outcomes of PFAS 

(Michigan PFAS Science Advisory Panel 2018). Hence, there is a need to integrate such 

mechanistic information into a weight-of-evidence framework, first by establishing the mode 

of action or AOP linking a proposed chain of key events to an adverse outcome and then by 

demonstrating that at human exposure levels of PFAS the established AOP or mode of action 

is causal in the adverse outcome observed. The substantial advantage offered by such an 

approach is the ability to read across from representative members of appropriate PFAS 

groupings, based on quantitative information from new approach methodologies and 

exposure estimates. Hence, better characterization of the modes of action/AOPs for PFAS 

toxicities remains a critical area of future investigation and will allow us to understand 

which adversely PFAS-modified pathways must be interrogated prior to new chemicals 

joining this class. Predicting PFAS activity in the body should be the goal prior to approving 

novel PFAS for use.

New approaches for developing PFAS toxicity information

When it comes to determining which PFAS should be prioritized for further testing, there are 

too many chemicals, even in one subclass, for traditional approaches. Numerous creative and 

high-throughput methodologies are being developed and tested to provide valuable data on 

PFAS with no toxicity data.

Collaborative approaches.—Problem formulation and approach must be guided by 

available equipment, funds, and technical staff, and important principles: 1) What biological 

activity and toxicology information can be generated in a responsive time frame? 2) Can this 

information be used to make public health decisions? 3) What are appropriate tools to bring 

to this problem (platforms, species/sex of cells used, metabolic competency of the model 
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system, and data analysis)? 4) How do we organize, and what are the best mechanisms to 

report useful biological activity/toxicological information?

Developing “how” to evaluate potential health effects of new PFAS requires some thought to 

PFAS heterogeneity. Although subclass names have been suggested by several investigators 

(Buck et al. 2011; Wang Z et al. 2017; Sha et al. 2019), there is still disagreement on those 

groupings. In addition, half-lives and biological persistence are not predictable based on 

structure, and exposure routes may be complex. Given that traditional approaches to 

generate toxicity information are resource-intensive, new approach methodologies, which 

may include in vitro high-throughput toxicity screening and toxicokinetic testing, will be 

needed to inform further (in vivo) testing of PFAS.

One example of how agencies/institutes are collaborating to prioritize a list of PFAS needing 

further study is the REACT Program (Responsive Evaluation and Assessment of Chemical 

Toxicity). Scientists from the USEPA and the National Institute of Environmental Health 

Sciences (NIEHS) National Toxicology Program have joined forces to determine if read-

across approaches would work. Essentially, they will use existing data for a data-rich 

substance (the source, e.g., PFOA or PFOS) as an anchor for a data-poor substance (the 

target, a novel PFAS), which is considered similar enough to the source substance to use the 

same data as a basis for the safety assessment. For example, the US National Toxicology 

Program 28-d PFAS or chronic PFOA data set (National Toxicology Program 2020c) could 

be used as an anchor. The goal is to group PFAS by biological activities and then use in vitro 

to in vivo extrapolation data and models to estimate oral equivalent exposures for PFAS. For 

example, multiple biological endpoints (Table 2) were chosen to generate data on 150 PFAS 

(Patlewicz et al. 2019), representing several structural subclasses for use in read-across.

Selecting assays shown in Table 2 based on PFOA and PFOS health effects covers a broad 

range of biology. However, because of the structural diversity of PFAS, biological activity of 

subclasses of PFAS may be missed; but this can be addressed in 2 ways. First, using 

transcriptomics as a screen, similar and unique pathways altered by different PFAS can be 

identified. Second, structure-activity relationships may predict potentially missing biological 

activities. As an example, Leadscope model predictions conducted at the NIEHS predicted 

biology that was covered in assays already chosen for evaluation, which increased 

confidence in the approaches chosen. Because model predictions are only as robust as data 

sets from which they are generated, these outputs should be used to identify assays for 

screening efforts and not as synonymous with toxicities induced by PFAS. Ultimately, the 

REACT program aims to prioritize PFAS for additional targeted testing and follow-up with 

in vivo studies as needed.

Molecular dynamics and protein interactions.—Advances in computational tools, 

many developed for drug discovery, allow environmental and public health researchers to 

better anticipate some impacts of emerging contaminants even in the absence of substantial 

experimental data (Rabinowitz et al. 2008). For example, molecular docking and molecular 

dynamics to predict strengths of interactions between biomolecules and contaminants can be 

an in vitro screening tool for assessing legacy and emerging PFAS for bioaccumulation 

potential, to identify potential sites of toxic action (Salvalaglio et al. 2010; Ng and 

Fenton et al. Page 21

Environ Toxicol Chem. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Hungerbuehler 2015; Cheng and Ng 2018; Li et al. 2019) and to gain insights into toxic 

mechanisms (Sheng et al. 2018). Relatively strong binding with particular proteins (e.g., 

serum albumin, liver fatty acid binding protein) has already proven useful in correlating 

PFAS structure with potential for bioaccumulation (Ng and Hungerbühler 2014; Cheng and 

Ng 2017). Tools including molecular docking and molecular dynamics can correlate relative 

binding affinities of emerging PFAS with these target proteins and subsequently compare 

with affinities of legacy chemicals with known bioaccumulation potentials, thus providing a 

first-tier rapid screening mechanism (Luebker et al. 2002; Cheng and Ng 2018).

The use of fluorinated substances in pharmaceutical products has led to an unexpected data 

source for discovery of structural features in PFAS associated with various types of 

bioactivity. These data were recently used to train machine learning models to predict 

potential bioactivity for thousands of untested PFAS (Cheng and Ng 2019). Classification 

approaches such as these serve as preliminary screening tools for identifying PFAS as a first 

step in a tiered assessment when detailed mechanistic information is not available.

Addressing mixtures.—Based on their potential for complex exposure patterns, PFAS 

are a mixtures issue. Communities with water-monitoring programs reporting PFAS 

concentrations demonstrated that they are exposed to mixtures of PFAS. This mixture may 

be from one or more point sources releasing multiple PFAS and/or PFAS by-products into 

the air and water, such as a Chemours plant in North Carolina, and suggest that exposures 

may be substantial (McCord and Strynar 2019). However, numerous other PFAS sources are 

known to impact community exposure to PFAS mixtures, such as landfill leachate, biosolids 

recycling, and aqueous film-forming foam contamination of drinking water sources, among 

others (Sunderland et al. 2019; Solo-Gabriele et al. 2020). Aqueous film-forming foam and 

other mixtures evident in drinking water, food packaging, health and beauty products, and 

food-based sources are often poorly characterized (Sunderland et al. 2019; Susmann et al. 

2019).

Discussions on whether PFAS may be addressed using a relative potency framework or toxic 

equivalency factor approach are ongoing. Substances could be grouped by bioaccumulation 

and persistence (toxicokinetics), function (biology), molecular initiating events, with 

potency factors derived from several assays, or subclass (structural similarity).

SPECIAL CONSIDERATIONS IN FUTURE STUDY DESIGNS

Future epidemiological studies

Future human studies need to characterize immune outcomes including (and not limited to) 

immune effects from exposure in early pregnancy and possible roles of PFAS in initiating 

allergic and autoimmune processes, conditions for which a dose response is hard to predict. 

Interactions of immune pathways with liver and lipid toxicity deserve additional 

consideration.

Liver and lipid studies have reasonably characterized associations between PFAS and effects 

and should now address why and what to do about it. Characterization of possible a priori 

susceptibility, such as in the obese, is important. Human and animal lipid data suggest that 
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future experimental studies should focus on mitochondrial toxicity, alterations in bile acid 

metabolism, cholestasis, and resultant steatosis. These outcomes are already known to be 

associated with altered serum lipids, liver enzymes, and uric acid in the human population 

regardless of PFAS (Cohen and Fisher 2013; Sattar et al. 2014; Arguello et al. 2015; Jensen 

et al. 2018).

Studies of human kidney markers related to PFAS exposures illustrate the importance of 

understanding physiology to inform study design choices and reasonable interpretations. 

These substances have complex excretion mechanics that vary with dose, state of the healthy 

or progressively diseased kidney, as well as a potentially additional causative effect on 

kidney disease outcome(s). Appropriate definition of biological and mechanistic targets and 

more precise investigation of PFAS subclasses will better inform study designs and research 

questions. For example, consistent reports of disrupted cholesterol metabolism should 

prompt mechanistic studies evaluating effects on steroid hormones that may influence 

cancer, fecundity, lactation, and developmental signals seen in human population data. More 

attention could be given to effects of PFAS on the hypothalamic-pituitary-gonadal axis and 

then reconsidered based on life stages.

The history of long-chain PFAS studies indicates that collaborative team approaches 

featuring clinical, epidemiologic, computational modeling, and laboratory toxicological 

expertise are needed. Future population designs and more sensitive analytical methodologies 

should address replacement chemicals, typically found as mixtures; study designs must 

account for shorter PFAS half-lives and unpredictable PFAS detection in exposed 

individuals/communities. Innovative use of biomarkers in specifically designated risk 

subpopulations (obesity, immune) will likely be important.

Sex differences, nonmonotonic dose responses, sensitive subpopulations

Although serum-level differences exist between men and women similarly exposed to 

individual PFAS, sex-dependent differences in half-life have not been reported in human 

populations for short-chain (PFBS, PFBA) or long-chain per-fluoroalkyl acids thus far (Li et 

al. 2017b). Perhaps the half-life differences between the sexes is similar to interindividual 

variability and cannot be detected above background, or studies deriving data sets used to 

model half-lives were not designed to detect sex differences (convenience sampling or 

workers were mostly male, etc.). However, sex-specific elimination half-lives are defined 

(Table 1) for some PFAS in rodent models. In addition, developmental exposure studies in 

experimental models have consistently shown effects at lower doses than adult-only 

exposures and should be given priority in testing replacement chemicals. In vitro and 

alternative models that capture developmental susceptibility are encouraged. In summary, 

care should be taken in testing replacement PFAS in rodent or alternative (cell-based or 

zebrafish, for example) models to consider 1) the possibilities of sex-based differences in 

elimination half-lives, 2) dose range used (to include human relevant exposures), 3) life 

stage represented in the model system, and 4) variability of the response to enable the use of 

data generated for risk assessment.
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Future experimental model studies

Experimental rodent studies have been essential in confirming PFAS health effects (liver and 

thyroid disease, lipid homeostasis), even when effects were not identical to those in humans; 

in some cases, novel targets (mammary and immune changes) were identified in animals. 

Future animal, cell-based, and high-throughput toxicity screening should enhance 

transparency in reporting to include blinded dose allocation, reporting of all data, adherence 

to Animal Research Reporting In Vivo Experiments (ARRIVE) guidelines (Kilkenny et al. 

2010), and dose ranges that approach human relevance (adjusted to reflect the differences in 

elimination between species and potentially chronic exposures) so that they suitably inform 

systematic reviews that may be used in chemical regulation.

Model selection for health effects evaluation is critical. An appropriate model should be 

sensitive, be susceptible to the outcome(s) of interest (obesity, immune), and produce 

outcomes that will inform human health effects. Alternative research models, such as 

transgenic mice, zebrafish, developmental models for most affected target tissues, and diet-

challenged designs in susceptible rodent strains, will strengthen our knowledge of PFAS-

related health effects. Validation of fish neurobehavior models to inform mammalian, 

including human, developmental responses is needed.

Finally, advanced human cell-based platforms—that have been validated for relevant 

outcomes in humans—will facilitate concurrent screening of larger numbers of PFAS, but 

bioavailability of PFAS in the culture system needs to be understood because binding to 

media proteins or labware, the instability of some PFAS in some vehicles, and altered 

metabolism may exist in some cases (Gaballah et al. 2020; Liberatore et al. 2020).

Future alternative approaches

One way to determine the toxicity of the large number of PFAS compounds currently used in 

commerce is to develop quantitative structure-activity relationships (QSAR). Such QSAR 

attempt to define relationships between a PFAS compound structure with a specific 

biological activity or response that identifies or is a biomarker for toxicity. Few data are 

available for receptor binding of PFAS, mainly limited to a few PFCAs and PFSAs; and 

even between carboxylates and sulfonates of similar chain length substantial differences 

have been observed (Cheng and Ng 2017, 2018). If there are substantial differences between 

perfluoroalkyl carboxylic and sulfonic acids, which differ only in their acid head group, 

construction of successful QSAR for the large and diverse class of all PFAS will be 

particularly challenging. Several QSAR may be developed, each predictive of toxicity of a 

distinct class or subclass of PFAS, based on a unique functional moiety or other feature. 

Although this brings additional challenges in finding sufficient data for QSAR training and 

validation, big data approaches, such as the recently developed machine learning models to 

predict PFAS bioactivity (Cheng and Ng 2019), show promise for advancing these 

computational approaches at the screening level.

For example, it may be determined by affinity for receptor-specific binding and nonspecific 

interactions with cellular membranes that the specific toxic effect exhibits a multiphasic 

dose response reflecting 2 potential modes of action. In addition, the critical effect may 
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change with levels of PFAS exposure. Add to this that people are typically exposed to PFAS 

mixtures, each of which may have a different affinity for a binding site and ability to impact 

cellular membrane fluidity, and the potential to predict PFAS toxicity becomes extremely 

complicated. In the foreseeable future, we may be limited to assessing PFAS toxicity using 

high-throughput assays designed to inform regulators as to the relative toxicity of PFAS 

mixtures or compounds. Such approaches are suited to the use of artificial intelligence (i.e., 

machine learning approaches) that integrate data from multiple sources to identify 

bioaccumulation potential, relevant pathways triggered, protein binding affinities, and modes 

of action involved in the development of individual and mixture toxicity of PFAS.

The utility of any future approach to determining PFAS toxicity must consider tissue-

specific modes of action. Such an approach may rely on molecular interactions with specific 

binding sites on enzymes/storage/transport proteins or the nonspecific ability to alter cell 

membrane fluidity by which membrane-bound protein activities are altered within a 

particular organ/system. Regardless of the mode of action, model, and/or simulation, the 

predictive result should be biologically plausible and represent dose-effect responses across 

species.

CONCLUSION

Future research on the health effects of replacement PFAS and mechanistic studies on legacy 

PFAS must apply “lessons learned” such as those highlighted in the present review. There 

are only a handful of PFAS with enough health effects data for use in decision-making, as 

evidenced by state-led standard setting. There are numerous health effects reported for those 

PFAS tested, which sets this family of chemicals apart from many others and elevates the 

need for precautionary action. With hundreds of PFAS lacking health effects data, 

translational research teams using innovative methodologies and carefully designed studies 

will be critical to our state of knowledge on PFAS-related health effects and our enhanced 

strategies for informing risk assessment of this large family of chemicals.
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FIGURE 1: 
Effects of per- and polyfluoroalkyl substances on human health. Used with permission from 

European Environment Agency (2019). Original sources for this figure: National Toxicology 

Program (2016), C8 Science Panel (2012), IARC Working Group on the Evaluation of 

Carcinogenic Risks to Humans (2017), Barry et al. (2013), Fenton et al. (2009), and White 

et al. (2011b).
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FIGURE 2: 
Example of proteins that are known to influence per- and polyfluoroalkyl substance 

toxicokinetics through binding (which affects tissue distribution and accumulation) and 

facilitation of membrane transport (which affects clearance and reabsorption). Illustrated for 

kidney and blood. L-FABP = liver fatty acid binding protein; Oat1 = organic anion 

transporting 1; Oatp1a1 = organic anion transporting polypeptide 1a1; Ost = organic solute 

transporter.
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FIGURE 3: 
Simulations based on Cheng and Ng (2017), perfluorooctanoic acid (PFOA) toxicokinetic 

model for Sprague-Dawley rats. (A) Effect of dose on initial half-life. (B) Effect of higher 

and lower levels of serum albumin, which binds to PFOA, on serum clearance dynamics. (C) 

Effect of extent of reabsorption in kidney on serum half-life, based on organic anion 

transporting polypeptide 1a1 activity. (D) Effect of dose on elimination kinetics when half-

life is longer because of higher albumin binding. Oat1 = organic anion transporting 1; Oat3 

= organic anion transporting 3; Ost = organic solute transporter.
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Abstract: The current article reviews the state of art of the perfluoroalkyl and polyfluoroalkyl
substances (PFASs) compounds and provides an overview of PFASs occurrence in the environment,
wildlife, and humans. This study reviews the issues concerning PFASs exposure and potential risks
generated with a focus on PFAS occurrence and transformation in various media, discusses their
physicochemical characterization and treatment technologies, before discussing the potential human
exposure routes. The various toxicological impacts to human health are also discussed. The article
pays particular attention to the complexity and challenging issue of regulating PFAS compounds
due to the arising uncertainty and lack of epidemiological evidence encountered. The variation in
PFAS regulatory values across the globe can be easily addressed due to the influence of multiple
scientific, technical, and social factors. The varied toxicology and the insufficient definition of PFAS
exposure rate are among the main factors contributing to this discrepancy. The lack of proven
standard approaches for examining PFAS in surface water, groundwater, wastewater, or solids adds
more technical complexity. Although it is agreed that PFASs pose potential health risks in various
media, the link between the extent of PFAS exposure and the significance of PFAS risk remain
among the evolving research areas. There is a growing need to address the correlation between the
frequency and the likelihood of human exposure to PFAS and the possible health risks encountered.
Although USEPA (United States Environmental Protection Agency) recommends the 70 ng/L lifetime
health advisory in drinking water for both perfluorooctane sulfonate (PFO) perfluorooctanoic acid
(PFOA), which is similar to the Australian regulations, the German Ministry of Health proposed a
health-based guidance of maximum of 300 ng/L for the combination of PFOA and PFOS. Moreover,
there are significant discrepancies among the US states where the water guideline levels for the
different states ranged from 13 to 1000 ng L−1 for PFOA and/or PFOS. The current review highlighted
the significance of the future research required to fill in the knowledge gap in PFAS toxicology and to
better understand this through real field data and long-term monitoring programs.

Keywords: poly-fluoroalkyl substances (PFASs); toxicology; PFAS health risk; regulatory values

1. Introduction

Widespread surface and groundwater contamination with perfluoroalkyl and polyfluoroalkyl
substances (PFASs) has become of great concern in the last few years. PFAS was first realized in the
globe through the identification of perfluorooctane sulfonic acid, C8F17SO3H (PFOS), in wildlife [1,2].
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PFASs have recently received increasing global attention because of their persistence and toxicity in the
environment, bioaccumulation potential, and possible adverse health impacts [3]. PFAS are commonly
have an aliphatic carbon composition in which hydrogen molecules have been replaced by fluorine
completely (prefix: per-) or partially (prefix: poly-) [4]. These compounds are characterized by their
highly polar and strong carbon fluorine bonds [5]. They are considered as highly fluorinated surfactants
that have been applied in numerous industrial applications and manufactured goods including food
packaging, firefighting foams, clothes and protective coatings for fabrics and carpets, electronics and
fluoropolymer manufacturing [1,2,5–9]. The most extensively produced and frequently detected PFASs
in the environments are perfluorooctanoic acid, C7F15COOH (PFOA) and perfluorooctane sulfonic
acid, C8F17SO3H (PFOS) [1]. PFASs have been discovered in different environmental compartments,
including water, sediment organisms, and air [6,10–12].

PFAS has been a serious concern to industry, governments scientists, and even to the public
worldwide [13]. It has been detected in various aquatic matrixes, including rain, snow, groundwater,
tap water, lakes, and rivers with the C8-based substances PFOS and PFOA typically being the
dominating compounds [4,9,14]. PFAS degradation products can be freely mobile in water, soil,
and air, and can be extremely resistant to breakdown by different processes. The complexity of
measuring PFAS in various media, and the associated unknown risks are among the challenges facing
the current regulatory bodies [4]. Typical concentrations of PFASs in water are very low, however,
higher concentrations of (mg/L) have been observed in surface and groundwater after firefighting
activities closed to fluorochemical manufacturing facilities. PFASs spread worldwide has triggered the
governmental concern towards regulating the exposure and spread of PFASs [15,16]. Although there
is enough evidence about the negative impacts of PFAS on human and animal health, the scale
of the risk imposed by PFAS compounds is not fully understood. The current regulations tend to
address the potential risk limit for various wildlife where the PFASs persistence, bioaccumulation
potential, and toxicity (PBT) raise a great concern [6]. Several studies have reviewed various aspects
related to PFASs fate and behavior in different environments. They also reviewed the sources and
occurrence of PFOA in drinking water, toxicokinetic, and health impacts [17–21]. Other reviews
on PFASs have discussed different aspects such as environmental biodegradation of PFASs, PFASs
removal from drinking water treatment plants, wastewater treatment plants and PFASs transformation
in landfills [22–24]. The authors are aware of the developing research concerning PFAS and the many
reviews investigating the PFAS human exposure, fate, transport, accumulation, health hazard and
guidelines [2,5,16,25–31]. The current mini review investigates the PFAS occurrence in collective all
geo-environmental compartments and is the first to collate the various international PFAS standards
in one article. The current study reviews existing publications in the field of PFAS and aims to:
(i) summarize the recent publication in the field of PFAS and ensure easy access of the research on the
occurrence and behavior of PFASs in various environments, (ii) to identify knowledge gaps in the PFAS
field, particularly the discrepancies in the current prevailing legislation and practices across various
countries, and (iii) to present the key future research directions to better address the PFAS issue.

2. The Developing Trend in PFAS Research

PFAS was first detected in the early 1950s in the form of PFAO and PFOS as a part of the Teflon
production process [4]. A few decades later, in the early 1990s, and due to the development of the
analytical techniques and instrumentation advancement, PFAS was detected in environment at low
concentrations. The investigation on PFASs was evolved in early 2000s when a voluntary phase- out in
production of the parent chemical to PFOS was undertaken [32]. Due to the significant development
of PFAS production in 2009, more attention was paid to limiting PFAS production whereby many
researchers and institutions investigated the source, fate, and impact of PFAS compounds (Figure 1).
The related articles published recently were extracted from Scopus based on the following keywords:
perfluoroalkyl and polyfluoroalkyl substances, assessment of perfluoroalkyl substances, accumilation
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toxicity of PFASs, treatment of perfluoroalkyl and polyfluoroalkyl. In total, 122 articles were selected
based on their relevancy, scope, and depth of discussion.
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Figure 1. Total number of documents published, concerning PFAS from 2000 to 2020 (data extracted
from Scopus; October 2020).

As a result, the research trend reflected by the number of publications concerning perfluoroalkyl
and polyfluoroalkyl compounds have been augmented considerably in the last two decades and
resulted in a much better understanding of the adverse health effects related to the exposure of PFOA
and PFOS [33].

Moreover, it was observed that developed countries have invested much more than other countries
on PFAS research, which was reflected by the research funding number of publications as shown in
Figure 2. Nevertheless, not all countries share the same concerns and interests due to many various
reasons. Some of these reasons are driven by economic factors, where the PFAS is still not on the
priority list, as shown in Figure 2. Other factors are associated with industrial and sociopolitical factors,
where PFAS form a significant part in industry.
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Figure 2. Total number of documents published by top 10 countries concerning PFAS from 2000 to
2020 (data extracted from Scopus; October 2020).

3. PFASs Occurrence and Transformation

Due to the strong C-F bonds in PFASs, they are highly stable and PFASs are unlikely to degrade
easily in the environmental matrices [34]. PFASs in the environment has been resulted from several
sources. The sources of PFASs in groundwater, drinking water, and surface water could be categorized
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into (i) point as well as (ii) diffuse sources. Wastewater treatment plants are considered as the most
common point sources of PFASs to surface water. Other forms of point sources have been found to
have a high impact on surface water in the USA including industrial pollution from PFAS production
sites. In addition, it was observed that high concentrations of PFASs can be existed in surface water
closed to commercials and military places due to the usage of aqueous film forming foams (AFFF) that
contains PFASs. Landfills are considered as important point sources for PFASs in groundwater that
comprise PFAS polluted waste in China, and that they could cause a hazard for tap water pollution [35].
Also, in Europe, landfills have not been supported to a significant degree in terms of their capacity for
groundwater PFAS contamination. The following subsections illustrate the different occurrence of
PFASs in the environments.

3.1. PFAS in Environment

3.1.1. PFASs in Water

The level of PFAS as well as their fate in water bodies have been investigated be many researchers as
water represents one of the main pathways for human exposure to [36–41]. The consistent detection of
PFAS compounds such as perfluoroalkane sulfonates (PFSAs) and perfluoroalkyl carboxylates (PFCAs)
in tap water samples at various locations has raised the concern over their potential health risk [37].
Such detection has been reported in drinking water samples in Europe, China, Malaysia, Thailand, USA,
Singapore, Vietnam, and Brazil [4,14,20,36,37,40–48]. Other compounds, including perfluoro hexanoic
acid (PFHxA) [38], perfluorooctanesulfonamide (PFOSA) [32], and perfluorinated phosphonic acids
(PFPAs) [49], are also among the commonly detected compounds in water samples. This relatively
persistent level of PFAS exposure increases with the increased drinking water contamination events
where it was estimated that the average human daily PFAS intake ranges from 0.17 to 0.21 ng/kg
bodyweight/day for PFOS and PFOA, respectively [50]. The results by Gellrich et al. [50] revealed
that short chain PFAS (<8 carbon atoms) were dominant in samples collected from tap water with a
maximum level of 42.7 ng/L followed by mineral water and spring water [50]. One of the kay aspects
on PFAS level in drinking water is the difference in PFAS level in both treated and source water.
An interesting finding by Lu et al. [37] indicated that PFAS concentration was higher in treated water
compared with the source water which could be accounted by the potential contamination that may
occur whilst treated water moving through the water network and the treatment plant facilities [37].
Moreover, literature showed that various and inconsistent pattern of PFAS compounds was found
on many occasions. While PFOA was dominant PFAS compound in tap water samples tested from
Shanghai, Beijing, and Nanjing, PFOS was the key PFAS compound in water samples collected from
Shenzhen and Hong Kong, accounting for more than 50% of the total PFAS compounds.

Moreover, researchers found mysterious temporal and spatial patterns of PFAO and PFOS across
the various events where a comparison of PFAS levels in tap water in various Chinese cities revealed
that the PFAS level varied significantly from one city to another with the highest was reported in
Shanghai [37]. Moreover, the inconsistent and varied PFAS level was also significant across various
countries. Quinete et al. [42] found that, unlike the pattern and the level of PFAO and PFAS level
in the USA and Japan tap water samples, PFOS level was higher than PFOA in tap water samples
collected in China [42]. An average level of total PFCs of 130 ng/L was measured in tap water samples
from Shanghai (China), and a much lower maximum PFCs level was identified in water samples from
Toyama (Japan) (0.62 ng/L) [44]. An average of 2000 ng/L was identified in in treated drinking water
distribution system at the city of Oakdale, USA. This seems to be a very extreme level of PFAS where a
health-based drinking water level of 0.04 g/L was assessed as a protective lifetime exposure through
risk assessment exposure [12].

One of the main concerns about PFAS contamination is their persistence and bioaccumulation
properties as well as the potential to travel with either water streams or sediments. Traditional treatment
facilities seem unable to eliminate PFASs during normal treatment processes [51]. PFAS discharge



Water 2020, 12, 3590 5 of 28

into water bodies was also reported by Boiteux et al. [47] where river water proved to be impacted by
the nearby fluorochemical manufacturing industry. This confirms that discharge of PFOA and PFOS
are still detected in nearby industrial and manufacturing facilities. Results showed that river water
and sediment samples as well as treated water samples at various stages from the main treatment
plant have all showed various level of PFCA compounds coming from the manufacturing industry.
Interestingly, PFCA was also detected at sediment samples at 62 km away from the source in almost
50% of the samples [47]

The occurrence of PFASs in surface water is frequently happening across many countries around
the world [52]. Researchers have conducted several field studies for different types of surface water to
investigate the occurrence and presence of PFASs [2,23,29,53,54]. A previous study was conducted to
assess the level of PFASs from different locations in Gangs River, India. Results showed that around
15 types of PFASs were found in the water samples where the highest level detected was for PFHxA
and PFBS. In addition, significant relationships were detected (p < 0.05) between the different PFASs
substances such as PFCAs, PFSAs, PFBA, and PFHxS, indicating chemical binding and co-transport
with dissolved oxygen carbon (DOC) in fresh and seawater. Consequently, assessed the pollutants
concentration and spatial distribution of PFASs in Shuangtaizi Estuary, China. Results showed that the
Shuangtaizi Estuary was in general polluted by PFASs. The total concentration of PFASs varied from
66.2 to 185 ng/L and from 44.8 to 209 ng/L in surface and bottom water of the Shuangtaizi Estuary,
respectively, where the maximum concentration was reported for PFBS and PFBA. The level of PFASs in
different environmental matrices was tested including surface runoff water rain, snow, and lake water
in an urban area, to identify the sources of PFASs to urban water bodies [36,39,40]. Another research
conducted by Yin et al. [55] discovered a significant temporal variation of PFASs compounds level over
12 months period due to the seasonal and climatic dry and wet conditions. Moroer, PFASs concentration
was a function of the chain length where the level of short-chain compounds including PFBS, PFHxA
and PFHpA tend to be highly influenced and decreased by the wet conditions. On contrary the level of
long-chain PFASs compounds was more stable in both wet and dry conditions. These findings provide
a good understanding to the leachate of PFAS compounds from point source pollution as landfills and
treatment plant. The leaching of long chain is more likely controlled by the partitioning effect whilst
the short chain leaching is influenced by the climatic conditions [55].

Another main finding in the field of PFAS in water is the variation of the PFAS where PFOA
was the major compound with an average concentration of 35% of the total PFASs levels, in all
environmental matrices investigated. In addition, the concentrations, and relative substances of PFASs
in surface water were comparable to the concentrations found for urban lakes. Surface water leads to
PFOA pollution in urban lakes. A sampling campaign was conducted in different seas in China in
2012. The results revealed that the higher concentration of PFAS was detected in the South Yellow Sea,
where FTOH was the predominant substance, contributing 92–95% of the total PFAS [2].

3.1.2. PFASs in Soil

PFAS was detected in soil at various concentrations due to the reach out from various pollutions
sources where PFAS compounds retain in soil due to sorption, partition and other complex reaction [56].
Table 1 shows the range of PFAS concentration in soil. The application and the reuse of sludge
from wastewater treatment plants in farmlands is one of the main sources that contribute to soil
contamination [57]. Other sources could be due to the degradation of fluorotelomer-based materials
that lead to the release of PFCAs [43], precipitation, and water irrigation [58]. PFAS compound in
soil in coastal areas can be emitted from direct sources which could level the PFAS concentration up
to around 8–50 µg kg−1 soil as was reported in Chinese soil [45] which is somehow higher than the
proposed PFCs in soil proposed by the USEPA (6 mg/kg for PFOS and 16 mg/kg for PFOA). One main
concern about PFAS in soil is the potential PFAS release and carryover by plants as well as the possible
PFAS leaching to the underneath soil layers and the groundwater. This carryover of PFOA and PFOS to
the plant was evident where the PFAS level in plants was proportionally related to the PFOA/PFOS in
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the soil [59]. PFCs uptake from contaminated soil by crops was reported [60], where samples from rye
grass, grain, and potatoes showed high potential of PFCs transfer from soil to crops [60]. This resulted
in proposing a preventative PFCs limit of 100 ng/g dry soil in sludge to be reuse for farming purposes
as to limit the potential transfer of PFCs from soil to plants and crops [59]. Moreover, the potential
leaching of PFAS from soil through vadose zone is another threat that requires more attention and
understanding where insufficient data about in-situ soil remediation and contaminants leaching to the
groundwater are available [60]. The development of PFAS compounds in the soil system is complex
since PFAS compounds can attain both hydrophilic and hydrophobic characteristics [56]. While the
transfer of PFAS from soil to plant roots undergo through diffusion and sorption onto roots, there are
still insufficient details about the PFC transfer rates in various crops and vegetables [59]. This result
was confirmed [59] where they found the straw and grains of maize plants have the same carboxylic
and sulfonic functional groups as in the contaminated soil referring to a direct correlation between soil
and crops PFASs contamination.

PFASs toxicity their impact on soil microorganisms is among the other factors that can deteriorate
the soil quality. Research found that the PFCs can negatively affect the soil functionality where it
may disturb soil enzyme activity as well as change the microbial availability and damage the cellular
structure [61–63]. The same result was confirmed by Sun et al. [64] as the soil contaminated with PFASs
compounds had less bacterial diversity [64]. PFOA and PFOS are the dominating compounds reported
in soil where their concentration ranged from <1 to around 13,000 ng/g in soil [56]. The fate of PFASs
in the soil is a function of many parameters including soil pH, soil structure, clay content, organic
matter content (OM), PFAS characteristics (long versus short chain), and climatic conditions [61].
OM seems to be the most significant controlling factor determining the PFAS toxicity level where
the PFAS toxicity is inversely proportional with the soil OM content [34,65]. Additional research
on PFAS adsorption and migration from soil to the groundwater and how this can migrate with
the groundwater is still a research gap needs more investigation and modelling to account for the
various PFAS concentrations in various groundwater conditions [60]. Contaminated soil with PFAS is
a challenge since there is no definite remediation strategy to address the in situ PFAS remediation.
Although soil stabilization using various reagents such as clay and Portland cement seems to be a
promising technique for soil remediation, it does not provide an elimination for PFAS where it does
not remove PFAS permanently [60]. Finally, the PFAS uptake by plant poses a direct human risk where
the food chain represents a main risk pathway. Therefore, a toxicological risk assessment addressing
the maximum allowed levels of 1.5 and 0.15 µg/kg body weight as TDI µg/kg for PFOS and PFOA,
respectively, were identified by the European Food Safety Agency (EFSA) as a function of the respective
tolerable daily intakes (TDI) of the compounds [59,66].

PFASs compounds are soluble in water and have the potential to leach down to the groundwater
particularly in areas with potential source pollution like landfills and treatment plants. PFASs occurrence
and leaching was reported by many researchers around the world [22,55,67–69]. The potential PFAS
leaching could be alarming in many cases where PFASs were detected at large depths (15 m) below
ground [70]. Yet, the leaching speed and behavior vary from one PFASs to another which depends
on the soil binding, retardation and adsorption capacity [56]. The leaching characteristics of PFASs
compound is a function of the chain length where short chain is more mobile than long ones. An analysis
of the landfill leachate from 27 landfills in Australia was investigated by Gallen et al. [22]. Interesting
findings presented in their study showed that the landfill leachate was significantly different from one
landfill to another with an average PFASs of 1700 ng/L and a maximum PFAS level of 25,000 ng/L [22].
In contrast, the reported PFAO range in USA landfills was ranging between (7280–290,000) ng/L
compared with 214,000 ng/L in China [36]. Nonetheless, these PFAS concentration are highly likely
to vary due to the heterogeneous nature of waste dumped in landfills as well as the varied PFAS
content in the generated landfilled materials. Operating landfills receiving municipal waste had much
more PFAS level than closed ones and the leachate from landfills with construction and demolished
materials seems to leach more PFAS than municipal landfills. Another study investigated the leachate



Water 2020, 12, 3590 7 of 28

from 11 landfills in USA and found that PFAO was detected in all samples [70]. Table 2 presents the
level of various PFCS and PFAS compounds in leachate and compare the PFASs in water and solid.
It can be seen that PFASs levels vary from one compound to another as a function of chain length
and climatic conditions as illustrated in the previous sections. The risk associated from the landfill
leachate is the potential volumes leachate generated particularly in wet climates, which contributes to
the groundwater contamination. The total leachate volume in the USA was estimated to be around
61 million m3 with around 80% coming from landfills [70]. Meanwhile, the leachate mass of

∑
PFA

in China was estimated by around 3 ton per year with the landfill leachate contribute to around 35%
of this quantity [35]. Interestingly, analysis of leachate from young landfills showed much higher
PFAS concentration in many occasions confirming the fact that the complexity and persistence of PFAS
compound has been developed in the recent years where more frequent PFAS containing materials
are in use [67,70]. The uniqueness of the landfills associated with its design capacity, climate, age,
engineering, dumbed materials and frequency and other factors made it hard to predict the amount of
PFAS leachate in various landfills where ad-hoc studies to be conducted. The results from various
areas across the globe showed significant variation of PFAS leachate from one country to another
where a maximum was reported in Australia (25,000 ng/L). This was evident while the leachate was
significantly lower in Norway (590 to 757 ng/L), Germany (<0.37 to 2509 ng/L), and China (146 to
4430 ng/L) [35]. In conclusion, although the phasing out of PFAS materials and the ongoing effort to
eliminate the PFAS release in the environment, yet there seems to be a need to consider more adaptation
strategies dealing with PFAS risk. The increasing evidence of PFAS in newly designed and operated
landfills indicates the potential exposure to higher leaching risk with greater PFAS concentrations is
leaching to the environment is growing [70].
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Table 1. Ranges of PFAS concentration in soil.

Header
Å. Høisæter, et al. [71]

ng/g
PFASS in Soil at Various Depths

Cai et al. [63]
ng/g Dry
Weight in

Chen et al.
[69]

ng/g Dry
Weight

Cai et al.
[61]

ng/g Dry
Weight

Gao et al. [72]
ng/g

Dry Weigh from 32
Samples

Wang et al. [73]
The Mean Values
ng/g Dry Weight

Liu et al.
[74]

ng/g Dry
Weight

Chen et al.
[75]

ng/g Dry
Weight

Dalahmeh
et al. [76]
ng/g Dry
Weight

Armstrong
et al. [77]

0–1.0 m 1–2 m 2–3 m 3–4 m Dry soil in
China

Tot.PFC
0.34–65.8

PFAS in soil at
varying distances

PFOS 500–3000 1000–6500 1000–3500 1000–1200 130 70.5 8.6–10.4 0.06 2583, 87 0–2 0.6–3 23

PFOA NA NA NA NA NA 93 3.3–47.5 0.32 50 0.3–8 63 0.5–0.9 24

PFHxS NA NA NA - NA 61 NA 0.19 36 65∑
PFCs NA NA NA NA NA - NA - NA 99 NA 8 126–809

PFHxA NA NA NA NA NA NA NA 0.09 NA NA NA 0.2–0.5 8

PFAA NA NA NA NA NA NA NA 1.30–913 NA NA NA NA NA

PFBS NA NA NA NA NA NA NA 0.05 NA NA NA NA NA

Table 2. Ranges and mean concentration of individual PFCs in landfill leachate.

Header Gallen et al. [22]
(ng L−1)

Busch et al.
[68]

(ng L−1)

Herzke et al. [78]
(ng L−1)

Clarke et
al. [79]

(ng L−1)

Yin et al.
[55]

(ng L−1)

Benskin et
al. [80]

(ng L−1)

Eggen et al.
[81]

(ng L−1)

Robey et al. [69]
(ng L−1)

Fuertes et al.
[82]

(ng L−1)

Eggen et al. [81]
(ng L−1)

Huset et
al. [83]

(ng L−1)

Garg et al. [84]
(ng L−1)

landfill
(>50%
SW)

landfill
(>50%
C&D)

Compounds in
landfill

leachates

Coated textiles,
Teflon waste,

fire-fighting foam,
papers, and

furniture

Leachate
from CW

outlet system
(Max. level)

Municipal
landfill
leachate

Municipal
land fill

leachates

Foam produced
via the bubble

aeration of
landfill leachate

Raw
Leachate in

MSW
landfill

Treated
Leachate in

MSW
landfill

PFCs
analysis-

untreated
leachate
Water

PFCs
analysis

-untreated
leachate
Particles

Leachates
from six
landfill

Manufacture
and disposal of

electric and
electronic
products

PFOS 300 1100 235 570 187 439 4400 2920 104 25 NA 2920 34 56–160 128,670

PFOA 510 1200 926 9500 516 3457 1500 767 951 590 520 767 4 380–1100 118.3

PFHxS 940 3700 178 - 143 308 190 281 2058 630 870 281 ND* 120–700 133,330

PFDS - - - NA 0.72 63 <14 ND - - 0–16 -

PFHxA 1300 5000 2509 - 697 868 2500 757 2178 65 77 757 ND 270–2200 76

PFHpA 360 760 280 NA 486 690 277 454 - - 277 ND 100–2800 9

PFNA 29 98 80 - 62 100 450 539 64 - - 539 ND 19–140 8

PFDA 22 46 51 - NA* 27 1100 75 87 - - 70 ND 0.3–64 8

PFAA NA NA NA - - 55 - - - - - - - - -

PFBS 1350 NA 112 1916 190 - - - - <5 ND 280–2300 -

PFPeA 11 325 - - -

PFDA perfluorodecanoic acid, PFBS nonafluorobutane-1-sulfonic acid, PFHpA perfluoroheptanoic acid, PFHxS perfluorohexane sulfonate, PFNA perfluorononanoic acid. ND*: not
detected, NA*: not analysed.
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4. PFAS Treatment and Clean Up: Challenges and Achievement

Due to the persistence nature of the PFAS compounds, landfills and sewage treatment plants are
highly likely to be a potential point source of PFAS emissions. Although the rapid advancement in PFAS
testing and detection, yet the available standard analytical methods still short and there is very little
experimental data detailing the physicochemical properties and partitioning constants of PFAS [19].
This place the treatment process of PFAS under the stress of producing precise and consistent outcomes.
The literature presents various treatment methods of PFAS in various environment. Immobilization
and plasma arc destruction are among the recommended methods to irreversibly transform PFAS
waste. Some studies support the utilization of high temperature incineration as well as the usage
of plasma destruction of PFAS in waste. It may be possible for certain types of waste. However,
in the absence of regulation, there is no specific method to guarantee the universal adoption of such
safer methods of disposing of PFOS wastes. In European wastewaters, it was found that PFOA is
the most commonly found compound [84]. Conventional processes of wastewater treatment were
found to be ineffective in removing of PFOA [85]. Other studies have recorded higher concentrations
of PFOA in wastewater effluents than influences, possibly due to the transformation of the compounds
of its precursor [21]. It was revealed that the degradation of precursor compound substances is a
major supplier to environmental PFAS pollution. Thus, this part focuses on the treatability of PFAS
compounds via conventional and modern water treatment processes. A comprehensive revision is
judgmentally required to have a clear understanding on the transformation, migration and treatment
of these substances in ecosystem and their potential influence on the secondary formation of PFOS and
PFOA [86]. In order to eliminate and/or degrade PFAS, different pre-treatment methods have been
tested in terms of their efficacy [19,20]. Some of these elements can theoretically be implemented as
either a post-treatment or pre-treatment method with controlled aquifer recharge as summarized in
Table 3.

Table 3. Potential Treatment technologies of PFAS.

Mechanism Treatment Process

Destructive Treatment

Advance oxidation processes
Electrochemical oxidation

Incinerations
Sono-chemical
Biodegradation

Photolysis

Non-Destructive treatment
Adsorption

Ion exchange
Fractionation

A detailed review summarizing the sorption mechanism along the sorption coefficients and
capacity of PFAS on sediments is available [11]. Adsorption via activated carbon and ion exchange resins
have been widely employed especially for pump-and-treat remediation to extract PFAS from polluted
groundwater [52]. Compared to others, the use of GAC for PFAS removal has been recommended as a
cheaper process, and it is the most recognized treatment technology for the groundwater contaminated
by PFOS and PFOA [19]. Although the removal efficiency of polyfluoroalkyl substances by granular
activated carbon was >90%, yet the sorption kinetics are normally faster for longer-chained PFAS [87].
For example, Kucharzyk et al. [19] reported that GC, which is optimized and applied effectively for the
removal of PFOS, may not be appropriate for the removal of shorter-chained PFAS.

There is a risk that shorted-chained PFASs are more likely than their longer chain counterparts to
split through a GAC medium. Otherwise, given the highly persistent existence of PFAS, stockpiling of
spent GAC would turn out to be a serious hazardous waste management concern. Storage space is
often restricted in MAR systems, and when leaching to groundwater, the disposal of PFAS polluted



Water 2020, 12, 3590 10 of 28

GAC at landfills can present a secondary contamination source to the ecosystem near the landfill
site. Methods that can effectively kill PFAS are therefore highly desirable in both polluted water and
stockpiled GAC. Other researchers have shown that nanofiltration can successfully extract PFOA from
a spiked sample of groundwater [47]. In their study, three different levels of PFOA, including 5, 50,
and 100 µg/L, were examined, and it was noticed that the remediation effectiveness was higher at a
high PFOA level. At higher PFAS level, RO process could contribute to about 99% removal of PFOS
with an initial concentration of 500 to 150,000 µg/L and a combination of nanofiltration TOGOTHER
WITH reverse osmosis (RO) can achieve 99% PFOS removal and 90–99% PFOA (10,000 µg/L) removal
throughout four days of treatment [88]. Nevertheless, the technique was not capable to ensure that
the treated effluent was less than the recommended guideline values, even with high removal acacias
(99%). Using RO and nanofiltration membranes showed that accumulation (fouling) of PFAS cause
a substantial reduction in flux in the filtration process [88]. Unfortunately, the main drawbacks
of nano-filtration processes are the low water recovery (75% to 80%) and the existence of high
concentrations of inorganic substances comprising magnesium calcium, and silica in groundwater [89].
This provides an indication on the volume of brine water produced which also needs additional
remediation before its final discharge. Table 4 illustrates the performance of numerous selected
treatment technologies for PFAS at the laboratory-scale.
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Table 4. Performance of numerous treatment technologies for PFAS (laboratory-scale).

Process Treatment Mechanism Operation Conditions Performance References

UV-Fenton Oxidation 30.0 mM of H2O2, 2.0 mM of Fe2+, pH 3.0.
and 9 W UV lamp (max = 254 nm)

>95% PFOA destruction from
8.2 mg/L and defluorination

efficiency of 53.2%
[88]

Oxidation 30.0 mM of H2O2, 2.0 mM of Fe2+, pH 3.0. and
9 W UV lamp (max = 254 nm)

PFOA treatment >95% from 8.2 mg/L while
defluorination effectiveness = 53%

Removal efficiency 100% (PFOA
559 mg/L) [90]

Oxidation Light-activated persulfate at 50 mM &
radiation of 4 h of Removal efficiency 100% (PFOA 559 mg/L) 73% removal efficiency of PFOS

throughout 120 min [91]

Sonolysis
PFOS level from 65 µg/L to 13,100 µg/L) were
treated through ultrasonic at frequency 505

kHz and power density 187.5 W/L).
73% removal of PFOS within 120 min

55–98% removals for different
analyzed PFASs. Ozonation can

create potentially toxic
transformation products

[92]

Oxidation Tested for 18 analyzed PFASs3 h of ozonation

55–98% removals for different analyzed
PFASs. Ozonation can create potentially

toxic transformation products which needs to
be investigated in future research.

Adsorption capacity 41.3 mg/g
of PFOA and 72.2 mg/g of PFOS [93]

Adsorption 10 mg/L of PFOA; surface area: 534 m2/g; time
of equilibrium 24 h; pH 5

Adsorption capacity 41.3 mg/g of PFOA and
72.2 mg/g of PFOS

Adsorption capacity 510 mg/g
of PFOA [94]

Adsorption 700 mg/L of PFOA; surface area: 1539 m2/g;
time of equilibrium 24 h; pH 7

Adsorption capacity 510 mg/g of PFOA Adsorption capacity 166 mg/g
of PFHxA [95]

Ion exchange using IRA 67 Particle size: 3–1.2 mm; 120 mg/L of PFHxA;
time of equilibrium 12.5 h; pH 4 Adsorption capacity 166 mg/g of PFHxA Adsorption capacity 2390 mg/g

mg/g of PFOS [96]

Ion exchange using IRA 67 Particle size: 3–1.2 mm; 200 mg/L of PFOS;
time of equilibrium 20 h; pH 3 Adsorption capacity 2390 mg/g mg/g of PFOS
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In the degradation of PFOA and PFOS at ppm (mg/L) levels, methods such as advanced oxidation
processes (AOPs) using ozone (O3) and H2O2/Fe2+ were not effective. At 254 nm, direct UV irradiation
was not capable of removing PFOA [84]. At relatively low temperatures (e.g., 40 ◦C), reaction
rates were low and activation at higher temperatures was needed to speed up the reaction [19].
A functional and scalable approach for treating PFAS appears to be sonochemical therapy. For the
removal of PFASs from water, AOPs based on heterogeneously catalyzed ozonation were used.
Various combinations of ozone, a catalyst and persulfate were performed in laboratory-scale ozonation
experiments. These combinations showed high removal efficiency, using all three parameters [97].
In the pilot-scale setup, within three hours of treatment, the concentrations of all 18 analyzed PFASs were
reduced significantly. Given that the assessed ozonation treatment is already commercially available for
large-scale applications today, it could easily be used in current water treatment trains, but ozonation
will create potentially harmful conversion products that will need to be explored in future research.
It promises to be used to decrease PFAS levels in PFAS-loaded sorbents as a destructive tool (e.g., spent
GAC) [98]. Hydroxyls radicals are normally generated within the bubble from the cleavage of H2O and
O2 to react with or abolish the pollutants. In another study, sonochemical treatment using a pilot-scale
high-power sonicator was carried out for the treatment of 2,4,5-trichlorophenoxyacetic acid [99]. It can
be concluded the sonochemical treatment process was effective in removing organic compounds
(>90%) within a very short duration (a few minutes). Although the sonochemical technique appears
promising for the large-scale treatment of PFAS contaminated products, incomplete PFAS destruction
is currently viewed as a disadvantage. A recent study showed that 6:2 fluorotelomer sulfonate was
less susceptible than perfluoroalkyl analogs (PFOA and PFOS) to sonochemical destruction and
decreased the defluorination rate with a decreased degree of fluorination [100]. Given the recent
focus on integrating deferential PFAS treatment processes in treatment trains in order to optimize the
overall efficacy of PFAS destruction [98] In order to optimize the overall destruction of PFAS in the
polluted media, it seems important to investigate the potential pairing of sonochemical treatment with
alternative methods.

Table 5 summarizes the performance of various type of adsorbents in treating per- and
polyfluoroalkyl substances. As a conclusion based on the treatment techniques performance investigated
previously and partially summarized in Tables 3–5, traditional biological processes of wastewater
treatments were found ineffective in removing of PFOA [85]. Due to the exceptional chemical futures
of PFAS including high solubility, surfactant property, and thermal stability, various traditional and
well-established treatment processes, including chemical oxidation, air stripping, and thermal treatment
are invective in treating PFAS [19]. Similarly, Page et al. [21] indicated that numerous techniques like
adsorption via granular/ powdered activated carbon, ion exchange resins, reverse osmosis, membrane
filtration, advance oxidation techniques, and sono-chemical decomposition have been investigated for
the treatment of PFOA and PFOS from water and wastewater. Accordingly, among several physical and
chemical treatment processes, adsorption process has been comprehensively tested and have shown
to be effective methods for eliminating PFASs from water. It can be observed that the adsorption
capacity and treatment performance using adsorption process were increased when the surface area
increase [19]. Yet, in this adsorption process, the pollutant will be transferred from liquid phase to
solid waste which will need to be managed as a hazardous waste. The main concern and limitation
of RO and nanofiltration membranes is the fouling where PFAS cause a substantial reduction in flux
in the filtration process [88]. Also, the low water recovery and the existence of high concentrations of
inorganic substances comprising magnesium calcium, and silica in groundwater [89]. Yet, the brine
water produced also needs additional remediation before its final discharge. Advanced oxidation
processes are promising and have high potential in the removal of PFASs from water. AOPs were used
recently at laboratory-scale and showed high removal efficiency, using all three parameters [97].
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Table 5. Summary performance of various type of adsorbents in treating Per- and Polyfluoroalkyl Substances.

Sorbent Adsorbate Operation Conditions Adsorption Capacity References

Clay minerals (surface area: 67.52 m2/g) PFOS Initial concentration of adsorbent 400 mg/L; pH7;
concentration of adsorbate 0.2 mg/L 0.29–0.31 mg/g [101]

Kaolinite (surface area: 11.9 m2/g) PFOS Initial concentration of adsorbent 5000 mg/L; pH7;
concentration of adsorbate 0.95 mg/L 0.08 mg/g [102]

Alumina (surface area: 88.6 m2/g) PFOA Initial concentration of adsorbent 10000 mg/L; pH4.3;
concentration of adsorbate 0.1 mg/L 0.16 ×10−3 mg/g [63]

Porous graphite (surface area: 2870 m2/g) PFOS Initial concentration of adsorbent 100 mg/L; pH5;
concentration of adsorbate 100 mg/L 1240 mg/g [103]

Biochar from maize straw (surface area:
7.21 m2/g) PFOS Initial concentration of adsorbent 200–1200 mg/L; pH7;

concentration of adsorbate 100 mg/L 91.6 mg/g [104]

Chitosan (surface area: 2870 m2/g) PFOS Initial concentration of adsorbent 1350 mg/L; pH3;
concentration of adsorbate 50 mg/L 645 mg/g [105]

Zeolite) NaY80 surface area, 780 m2/g PFOS
Initial concentration of adsorbent 1000 mg/L;

concentration of adsorbate 150 mg/L, Particle size:
3–1.2 mm

114.7 mg/g [87]

Activated carbon from leaf biomass PFOA
PFOS

Modified activated carbons (AC-H3PO4) produced
from leaf, uniform particle size of >64 µm

159.61 mg/g
208.64 mg/g [106]

Modified silica PFOS Surface area 650 m2/g, Particle size: 250–450 µm, Pore
volume: 1.03 mL/g

55 mg/g [107]

Boehmite PFOS Surface area 299 m2/g, Average particle size 37.02 µm 0.1529 µg/m2 [108]

Alumina nanoparticles PFOS Surface area: 83 m2/g, Particle size: 13 nm
At 30 ◦C: 589 mg/g, at 40 ◦C: 485 mg/g,

at 50 ◦C: 447 mg/g [109]
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5. The Key Knowledge Gaps and Future Research

PFOA and PFOS are the most well-known and well-studied PFASs, with an average removal
half-life (t1/2) of 5.4 years and 3.8 years, respectively [7]. In order to ensure that the tested results
represent real PFAS levels in the examined media, field sampling and laboratory hygiene procedures
are important. With many sampling tools used in field and laboratory operations already containing
PFAS, the process of sampling and PFAS testing remain uncertain and need lots of effort to alleviate
the uncertainty involved. Figure 3 shows the molecular structure of PFOS and PFOA.
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Via their fact sheet collection, the Interstate Technology and Regulatory Council (ITRC) outlined
site characterization, sampling safeguards, and analytical process concerns and choices. However, for
the study of PFAS in surface water, wastewater, non-potable groundwater, and solids, there are currently
no validated standard EPA methods [4]. Some US laboratories are applying adapted approaches
based on EPA Method 537 for non-drinking water samples. These updated approaches do not have
clear sample selection or analytical criteria and have not been checked or analyzed routinely for data
quality [110]. As traditional water treatment techniques are unable to effectively remove PFASs, novel
treatment methods are urgently needed to remove PFASs in water [92]. Although the intensive effort
of phasing out many PFAS products with enforcement of alternative chemical production are in place
in many areas across the globe, the risk of PFAS exposures due to the uptake and accumulation in the
various media such as ocean and marine food chains as well as groundwater contamination represents
a great challenge due to the complexity of the impact timescales [111]. The development and the
propagation of the PFAS sites with increased possible exposures to newer PFASs have not been well
defined yet.

Despite the agreed health impacts of PFAS particularly on aged or early aged groups, environment,
no enforceable national drinking water limits and guidelines are in place in many parts across the
globe [33]. There is still limited knowledge around the other PFAS substances. However, there is a
growing evidence that these new detected compounds could have same potential on human health and
may pose similar risks to human and the environment [33,112]. The use of engineered pre-treatment
or post-treatment approaches must be based on a ‘fit for purpose’ definition and carefully combined
with the planned water end use concept in order to make sure that both human and environmental
health threats are properly managed and treated [21].

Another main challenge in PFAS potential health impact with considerable complexity was
reported by Gebbink et al. [112]. They found that in samples collected from food, not only the PFOS
and PFOA levels were overestimated by an order of magnitude, but also there is still a knowledge gap
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in identifying the precise percentage of these precursors can contribute to human PFCA exposure since
the exposure pathway remains undefined [112].

In order to evaluate the development of degradation products and potentially undesirable
by-products to track the occurrence of compounds in the gas process and to demonstrate the efficacy of
treatment for other types of pollutants and to apply them to different types of water, further research
is required. Whilst many studies demonstrate the link between PFAS exposure and the deteriorated
immune system particularly in children, there is little evidence to map other health impacts, including
cancer, as it is only noticeable in areas with exceptionally high exposures, with inadequate data to
correlate these exposures to PFAS with neurodevelopment [111].

5.1. Risks Associated by PFAS

The developing use of the PFAS in various commercial and industrial sectors including aqueous
fire-fighting foam, disposable food packaging, furniture, carpets, cookware, water treatment and many
others poses a potential risk to the environment [15,16,49]. Like many other contaminants, PFAS
can accumulate into the environment by either a direct or indirect pathway [113]. Direct sources
and PFAS contamination released from different industries including wastewater treatment plants,
sludge disposal, and landfill sites [4]. There are more than 4000 bioavailable PFAS compounds in
the globe, however, the toxicity values for most of these compounds are still poorly understood
with only few PFAS compounds have defined toxicity values and level [32]. Risk assessment aims
at developing health-based guideline levels upon intensive review of PFAS toxicological level that
cause harm to humans. PFOS was viewed as Persistent Organic Pollutant (POP) by the Conference of
Parties, Stockholm Convention in 2009 where EPA has characterized PFOA as a “likely carcinogen”
and its use was restricted [98]. Unfortunately, this PFAS toxicity level is still poorly understood and
this has created the need to develop defined hazardous and risk registry for the PFAS toxicity values.
This seems to be among the great challenges for the majority of PFAS compounds [53].

Human Exposure Pathways

The first ever published data about widespread PFOS in the environment was reported in 2001
by [6] where PFOS was found in fish and birds tissues as well as marine mammals. The finding
revealed that the level of PFOS in animals is proportionally related with the population density and
the industrialized activities. As such animals in these areas have much higher PFOS level than those
live in remote marine areas [6,30]. Another pathway was found through the food chain where fish
eating animals such as mink and bald eagles proved to have greater levels of PFOS than in their
diets. Another toxicity realization of PFAS was introduced when PFAS compounds were reported
in blood samples from various samples around the globe [32]. Potential health risks associated with
PFAS exposure and the concern regarding their bioaccumulation indicated the tendency towards the
potential exposure through various media and various sources. A study of consumer exposure using
a scenario-based approach to PFOS and PFOA conducted by Trudel et al. [30] revealed an everyday
exposure to PFAS is taking place in many countries resulting in the long-term uptake of PFOS and
PFOA of 3–220 and 1–130 ng per kg body weight per day, respectively [30]. Many health impacts
including cancer, liver damage, and immune system failure have been linked to the PFAS [113,114].
Moreover, whilst the routes of PFAS exposure remains somehow unclear, research agrees that diet is a
potentially main source and well-established research suggests that PFOA is absorbed via inhalation
and ingestion [30,115].

Human exposure pathways for PFOS, PFOA, and other PFAS related substances through various
routes including drinking water, indoor polluted environment, food chain, long term contact with
industries that produce PFAS compound including food packaging or cookware, breast milk, airborne
dust, and air [1,116]. All of which result in cumulative uptake and PFAS build up [18,23,29].
This persistent exposure to PFAS can be poorly reversible due to slow elimination kinetics as well as the
ongoing build up regardless of its magnitude and bioaccumulation potential [23]. China, for example,
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has witnessed a surge in PFAS release in the last decade due to the evolving industrial activities.
The release of PFOS in China from industrial sources in 2010 was estimated by about 70 ton which is
six times greater than the reported PFAS release in 2008 [20]. Table 6 shows the PFAS source- pathway
and receptors.

Table 6. PFAS Source- Pathway and receptors.

Sources Exposure Pathways Receptors

Industrial and wastewater effluents Packaging
Consumer products Landfills

Fire-fighting foams

Soil
Biosolids

Dust
Sediment

Surface water Groundwater
Drinking water

Biota (including foods)

Ecological
Aquatic
Benthic

Terrestrial
Avian

Human

Inappropriate treatment and disposal of waste and wastewater proved to pose significant PFAS
risk and contamination [110]. Indirect PFAS generation and contamination take place through the
transformation of perfluoroalkyl precursors and the breakdown of perfluoroalkyl-based products [116].
Both direct and the indirect PFAS generation can pose high contamination and risk to the surrounding
environment including air and drinking water contamination, food poisonous where PFAS have been
identified as a potential threat to public health [117]. The great effort made to counter the propagation
of PFAS levels in various receptors resulted in PFOS and PFOA declines by 32% and 25%, respectively,
in early 2000. Yet, other PFAS compounds continue to increase, suggesting various and more strict
measures to quarantine the spread of the PFAS compounds [49]. This was evident through a long
monitoring program of PFAS concentration in human blood in Norway (1977–2006) which resulted
in the conclusion that PFAS levels increased by more than nine times in men aged between 40 and
50 years old over this period of time, pointing to the rapid development of PFAS contamination and
therefore the increasing potential risks [49].

Due to their high solubility and high persistence, PFAS compounds can migrate in air and water
bodies leading to concentrated level in environment and therefore, pose high risk and toxicity on
public health [49]. This increasing aquatic bioaccumulation, soil/groundwater uptake, fish, seafood,
meat, and vegetables were identified as the most PFAS sources that human can uptake at various
levels [31]. On the other hand, soil contamination is one of the main environmental impacts due to
PFAS spread. Research suggests that PFAS risk is associated with a range of impacts on ecosystem
services. Although the impact and the risk of PFAS still not fully understood due to the poor evidence
of the linkage between human public health and PFAS levels, previous research has found the exposure
to PFAS including PFOA may delay bone development and accelerated male puberty in mice [5].
However, the adverse health effects of PFOA and some other compounds have been confirmed by
several researchers [8,31,110].

PFAS proved to have high resistant to temperature and bio accumulative [118]. Recently, research
has found that humans are normally have a long half-life of serum elimination of PFOS, PFHS,
and PFOA with the recent realization of considerable PFAS levels in various media including fish,
birds, mammals and human blood seems to be alarming and call for urgent intervention to alleviate
any further degradation in the public health as well as the ecosystem [17,18,118,119]. Niu et al. [119]
found that PFAS compounds, including PFOS and PFOA, pose a high risk to human and public
health. The high linkage between the PFOS and PFOA and neuropsychological development in
children was investigated and realized by Niu et al. [119]. They found that the PFOS and PFOA
increased the risk of development problem and had significant impact on human health including
the personal-social skills particularly among females [7,119]. The recent discovery proved that PFOA
has been linked to the increased incidence of weight loss and even a disturbance in lipid system
when the tests were conducted on laboratory animals [118]. Moreover, recent research on animals
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suggested that PFAO and PFOS are among the main causes of cancer where the two compounds were
classified as carcinogenic substances. The same effect on humans is suggested by the World health
Organization (WHO) who found that both PFOA and PFOS are potential carcinogenic materials to
human bodies [111]. Other studies found high linkage between PFOA exposure and high cholesterol
leading to liver enzymes and kidney cancer [110]. Other studies have found increasing level of PFOS
and PFOA in the blood samples of human population and wildlife reflecting that severity of the
exposure to the widespread of PFAS chemicals [8]. Another good evidence of PFAS exposure and
potential risk was reported by the ATSDR [8] where blood serum concentrations with high PFOS and
PFOA level were found in workers living near potential PFAS facilities and industries compared with
normal population [8].

In summary, despite the many trials to limit the PFAS spread and the endorsement of phasing
out the main PFAS substances (expressed in PFOS and PFOA), other compounds including PFAAs
and related substances are still widely used in various industries including fire-fighting foams,
photographic, semiconductor and others [20]. Therefore, the detection of PFAS in human bodies have
not decreased [20,31,32,49]. Research has found the level of adverse health impact with the level of
significance are depending on the extent of exposure, the duration, and the persistence [10].

A study by the French total diet [112] found that mothers are likely to provide a pathway of PFAO
to their children through breast feeding where PFOA was noticed in 77% of the breast milk samples
at an average level of 0.041 ng/mL and a maximum level of 0.308 ng/mL [119]. Also, because of the
their immature developing immune system and fast body growth, children are probably much more
sensitive to the impacts of PFAS [8]. A more valid link between PFAO and the adverse human health
was realized when a sample of around 69,000 people in the Mid-Ohio Valley were tested for PFAS
as the analysis of the water supply system there revealed a considerable level of PFAO (>50 ng/L of
PFOA) [5].

6. PFAS Water Quality Guidelines

6.1. Current Llegislations and Practices in Various Countries

PFAS guideline threshold values are affected by several factors, including social, political,
and economic influences [5]. The variation in the regulatory values of PFAS across different guidelines
can be easily addressed. One of the main reasons is the differences in toxicology decisions and
differences in exposure parameters [4]. Moreover, PFAS compounds encounter both temporal and
spatial variation and as emerging contaminants, the regulations are rapidly changing to account
for the developing knowledge. However, the protection of the human health remains the main
focus of the PFAS regulations and guidance across all regulations and standards [4]. The Interstate
Technology and Regulatory Council (ITRC) indicated the significant variation in PFAS regulations by
identifying the states that have different guideline for PFOA and/or PFOS levels in drinking water and
groundwater from EPA’s health advisories (HAs) [4]. One main reason for that is due to the different
bodies that regulate the PFAS. Whilst the environmental perspectives of PFAS is regulated by the
(EPA). Toxic Substances Control Act (TSCA), their use in food is regulated by FDA which is normally
associated by lack of certain scientific evidence on their hazardous impact and exposure rate [120–122].
Despite the drinking water contamination is an ongoing major issue, it is somehow puzzling that until
now there seem to be no federal PFAS drinking water standards in the USA. The absence of such federal
PFAS regulations has led multiple US states to develop specific water guidelines which can support
the decisions regarding the cleaning of the contaminated site as well as drinking water surveillance
and treatment [5]. Until recently, no MCLs were established for PFAS chemicals although great efforts
are being made towards initiating MCL for PFOA and PFOS by the EPA and other agencies.

This lack of evidence between the public heath adverse impacts and the PFAS level has resulted in
undefined epidemiological evidence which in turns created considerable variation among the different
water guidelines due to the uncertainties involved [5]. There is still uncertainty around the potential
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PFAS risk to the human health due to the limited data on how people are exposed to the PFAS and for
how long. The exposure level and the consequences of this exposure are also poorly understood [53].

The need for extensive research to alleviate this uncertainty and how the PFAS impact the health
risk is still among the top priorities in order to expect a safe exposure for humans. Until now, the authors
are aware that there is still urgent need to conduct more research in the areas of PFAS toxicity and
exposure as this remains one of the knowledge gaps in PFAS field. This is obvious since the first US
EPA preliminary drinking water health advisory level towards the negative impacts of PFOS and
PFOA was released before PFAS became a public issue in 2015 upon the growing public trend towards
limiting PFAS release. This was upon the realization of the PFAs toxicity. More recent guidelines
referring to the PFAS as a significant toxic substance were published by USEPA in 2019. Unfortunately,
PFAS legislations and regulations are challenged by the significant differences across PFAS compounds
associated with the limited information that can be utilized to establish uniform legislations across the
globe [110].

Another main concern is the influence of the manufacturing companies and the bias attitude that
some researcher may have depending on the interest of the funding agencies. Cordner et al. [5] indicated
that economic factors play vital role in directing the guideline levels where a case of litigation was
revealed by Minnesota Attorney General against 3 M when the company used a scientific researcher to
manipulate others research findings and undermine the health impact of PFAS in what was considered
as a violation of scientific norms [5].

6.2. EPA-US Guidelines

USEPA has released non-regulatory concentrations of PFAS that addresses the PFAS health
impact in reference to the exposure time. Since 2006, EPA has reviewed and regulated around 191
PFAS compounds through a combination of orders [110]. According to the EPA, the lifetime health
advisory (LHA) of 70 ng/L for PFOA and PFOS in drinking water is set as guideline. This LHA
is applicable to PFOA and PFOS individually while it is applicable to the sum of both compounds
in the case of accidental High concentration as in the case of Australian standards [4]. This value
seems to be less conservative compared with other global regulations. The global focus on the PFAS
was developed rapidly since 2002 where more conservative levels were in place due to the growing
concerns. More restrictions were placed on the “long chain” (C8) molecule PFOS as it was withdrawn
from markets. However, the current regulation seem to be driven by many factors including financial
factors, detection limit and many others [5,121]. In 2016, the EPA suggested its lifetime limit for PFOA
and PFOS of 70 ng/L, individually or combined. However, some US states argued that EPA’s guidelines
are insufficient and does not address the potential associated health risk and hence various PFAS
threshold values were developed different from the EPA ones. The state’s water guideline levels
for PFOA and/or PFOS ranged from 13 to 1000 ng/L compared with 70 ng/L by the EPA for both
compounds individually and combined (Table 7). For example, Minnesota established state guideline
levels that were lower than the EPA guidelines of 35 ng/L PFOA and 27 ng/L PFOS. On the other hand,
New Jersey has proposed 14 ng/L MCLs for PFOA and 13 ng/L for PFOS, the first lowest guideline
standard in the US [5].

In USA, MCLs for any PFAS have not been identified by EPA, though they recently declared their
intention to “initiate steps to evaluate the need for a maximum contaminant level (MCL) for PFOA
and PFOS”. Identifying the MCL would increase the ability of EPA’s authority to study further on
PFAS pollution [119]. In May 2016, USEPA lowered its drinking water health standard to 0.07 µg/L for
the two most frequently found PFAS, PFOA and PFOS. A lifetime drinking water health advisory (HA)
for PFOA was issued by the USEPA on the basis of a reference dose (RFD) of 0.07 micrograms per
liter (µg/L) based on a developmental toxicity analysis in mice [7]. The toxicity values of PFAS are site
specific with the highly likely temporal and spatial variation of these values. Moreover, the rapidly
developed analytical methods represents another challenge with the rapid changing regulations.
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Some toxicity values are varying from one standard to another and there are no uniform standard
PFAS toxicity values across all countries.

Table 7. US PFAO/PFOS drinking water guideline levels (After [5]).

Guideline
Advisory Level Reference Dose

PFAO (ng/L) PFOS (ng/L) PFAO (ng/kg-Day) PFOS (ng/kg-Day)

U.S. EPAa, 2016, Health Advisory
Level 70 70 20 20

Alaska DECb, 2016, Groundwater
cleanup level 400 400 20 20

Maine DEPb, 2016, Remedial action
guideline 130 560 6 80

Minnesota DOH, 2017, Noncancer
health-based level 35 27 18 5.1

New Jersey DEP, 2017, Maximum
contaminant level 14 13 2 1.8

North Carolina DENRb, 2012, Interim
maximum allowable concentration 1000 - N/A NA

Texas CEQb, 2017, Protective
concentration level 290 560 15 20

Vermonta DEC/DOH,6 2016, Primary
groundwater enforcement standard 20 20 20 20

EU guidelines just recently has initiated a preliminary guideline on maximum allowable PFAS
concentrations. In Germany, a health-based guidance of maximum PFAS level was proposed by the
drinking water commission under the Ministry of Health. The proposed value is based on the safe
lifelong exposure for all population groups of 300 ng/L for both PFOA and PFOS. In Germany, upon the
detection of PFOA in drinking water at concentrations up to 0.64 g/L, the German Drinking Water
Commission (TWK) established the first health based lifelong PFAO and PFOS exposure of 0.3 g/L
in drinking water in June 2006 [40]. Until recently, Italy, has no PFAS guidelines in drinking water
and the PFAS regulations were introduced upon the extreme detection of PFAS in water bodies in an
area of the Veneto Region [38]. The highest amount of PFAS in drinking water was enforced by the
Italian National Health Institute to protect human’s health risk with PFOS ≤ 30 ng/L, PFOA ≤ 500 ng/L,
and other PFAS ≤500 ng/L. In Spain, frequent PFAS monitoring programs were carried out and water
samples were regularly tested for various PFAS substance. PFAS level varied across Spain with the
conclusion of an unlikely health risk under the detected PFOS and PFOA levels where the maximum
average levels of PFOS and PFOA were 1.81 and 2.40 ng/L, respectively [39].

Canada has developed federal guidelines for a few PFAS levels to avoid any potential human
health affect, while values to safeguard ecological receptors are offered for PFOS (Table 8) [118].
An in-depth study was carried out on ecotoxicology and toxicology, environmental fate and behavior,
and exposure. In order to initiate toxicological reference values (TRVs), adequate information on
the PFAS impact was obtained, while ECCC assessed the suitability of obtainable non- or low-effect
ecotoxicological data for the derivation of PFOS recommendations for multiple matrices for the safety
of different trophic levels. The degree of PFAS in drinking water, soil, groundwater, and bird eggs are
now available in the Canadian PFAS regulation.
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Table 8. Health based guidance for usage in field investigation in Canada [110].

PFAS Name Acronym Drinking Water Screening Value
(ng/L)

perfluorobutanoate PFBA 30
perfluorobutane sulfonate PFBS 15
perfluorohexanesulfonate PFHxS 0.6

perfluoropentanoate PFPeA 0.2
perfluorohexanoate PFHxA 0.2
perfluoroheptanoate PFHpA 0.2
perfluorononanoate PFNA 0.02

fluorotelomer sulfonate 6:2 FTS 0.2
fluorotelomer sulfonate 8:2 FTS 0.2

In Australia, PFASs have been widely used in several industrial applications. PFAS health-based
guidance values for PFOS, PFOA and PFHxS, were developed by The Department of Health,
Food Standards Australia (Table 9). The inconsistent release of PFAS in the environment with
the multiple PFAS sources have created additional barrier in PFAS management. The knowledge
gap regarding the PFAS spread in the Australian environment made the process of setting definite
guidelines a bit complex. Gallen et al. [24], for example, found that the level of PFAS in in the treated
WWTP effluent was higher than the wastewater influence.

Table 9. Health based guidance for utilization in site investigation in Australia [122].

Health Based Guideline Value PFOS and PFHxS
(ng)

PFOA
(ng)

PFAO
(ng)

Tolerable daily intake 20 160 0.16
Guideline for drinking water quality 70 560 0.56

Guideline value for Recreational water quality 2000 10,000 10

The guideline values considered the health of the general community due to the PFAS exposure
due water and food consumption [122]. Through an intergovernmental agreement (IGA), Australia has
been forced to agree on a National Structure for Reacting to PFAS contamination to restrict the spread
of PFAS contamination due to increasing concerns about the risk of PFAS. Under the IGA, Australians
have followed a policy to respond to PFAS pollution, introduced national environmental management
of PFAS, and implemented guidelines to advise government agencies involved in responding to PFAS
contamination. The guidance values based on health indicate the threshold value of the amount of
PFAS in food or drinking water that an individual can consume without being affected over a lifetime.

7. Factors Contributing to Variation in PFAS Guideline Levels

Since the guidelines are always driven by the toxicology and the risk values identified by the
human body, the regulations for PFA substances were viewed to limit the potential health impact and
risk. Data obtained from toxicity tests in China showed that the criteria maximum concentration (CMC)
for protection of aquatic organisms were 3.78 and 45.54 mg·L−1 for PFOS and PFAO, respectively
which is higher than values derived in North America [20]. This variation indicates the challenges in
setting out uniform PFAS guideline values due to the prevailing uncertainty in risk assessment and the
lack of solid scientific background. Moreover, PFAS regulations are also influenced by the technical
capacity and other socio-economic factors involved. There is a developing concern towards PFASs
regulations due to the growing frequent detection of PFAS in drinking water in the US. The USEPA
has issued a long-term health advisory PFAs level in drinking water of 70 ng/L (for combination of
PFOS and/or PFOA). This regulation is intended to lower the number of individual PFASs reported.
However, these guidelines of PFAS in drinking water have been dropped to 70 ng/L by many states, as
in the case of New Jersey where a maximum PFAS level for PFOS was set at 13 ng/L and a 14 ng/L
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target for PFOA proposed [7]. Other states including California have adopted the same while the
State of New York made it even lower with a maximum allowable PFAS value of 10 ng/L for PFOS
and PFOA. Some other states went even for lower maximum allowable PFAS as in the case of New
Hampshire and Michigan with an MCL of 12 ng/L for PFOA and 16 ng/L health-based value for PFO,
respectively [7]. Much more conservative and lower levels of PFAS were proposed by Denmark, with a
temporary level of 3 ng/L for PFOS being considered. The challenge in setting out these regulatory
values remains the technical capacity in providing proper detection levels as well as the applicability
of meeting these targets with the development of industrial activities and the lack of knowledge in
identifying the toxicology of PFAs at these levels.

8. Conclusions

The intensive and the widespread nature of industries that are heavily releasing PFAS substances
has contributed to a PFAS build up in the environment which presents a serious threat to human
life. Occasional mysterious PFAS release, fate, transport, and exposure by many industries are
adding more complexity for the policymakers. While the pathway of PFAS is still not very clear,
PFAS characterization and behavior need to be better explained, particularly in terms of occurrence,
transformation, and degradation pathway.

Although PFAS has been linked to various health risks, such as cancer, liver damage, and hormone
disruption, the extent of this risk remains uncertain. This is due to the poor understanding of the risk
scale resulting from the exposure frequency as well as the severity and the exposure duration. Since the
PFAS in soil can leach down to great depths (around 15 m), PFOS levels in soil have been advised by
governments including Australia to have a maximum of 20 ng/g for land uses and industry, which vary
according to the land use. This leaching potential is getting more evident in case of point source
pollution areas including landfill and treatment plants. However, the retention of PFOS increases with
the clay content and the organic matter as well as the decrease of soil pH.

There is an ongoing effort by many governments to phase out PFAS substances and find alternatives
to PFAS substances. This effort has caused PFAS levels to decline particularly in surface water. Whilst the
alternative chemicals should be less toxic and not persist in the environment, the phasing out process
has not resulted in PFAS elimination or decrease where many new industries are prone to PFAS release.
This may require extra effort in understanding the measures to phase out.

It is concluded that the longer the exposure to PFAS compound, the higher the risk is due to the
ubiquitous uptake of PFAS. PFAS high doses uptake. There is still a lack of precise knowledge around
the PFAs toxicology and the threshold values at which PFAs can pose severe health risk. Moreover,
this link is still lacking the interpretation of the relationship between the extent of the PFAS exposure
and the associated impact, where no specific data can explain the impact of longevity, frequency,
and severity of this impact. While the guidelines agree on considering human health as a base for
any regulatory values, there seems to be a significant variation across the global guidelines in setting
unified PFAS standards since the PFAS level and rate are inconsistent within the same country and
across the globe. These discrepancies stem from the differences in PFAS sources, toxicology decisions,
and exposure rates where PFAS compound can transform from one compound to another as well as
transport with sediment and water far from the source based on the surrounding environment and
therefore creating temporal and spatial variation. The review highlighted the need for further research
towards identifying the characteristics, fate, frequency, and the severity of PFAS represented by the
exposure time and extent to better understand the nature of PFAS pathways and exposure.
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ABSTRACT: It is hypothesized that environmental contamina-
tion by per- and polyfluoroalkyl substances (PFAS) defines a
separate planetary boundary and that this boundary has been
exceeded. This hypothesis is tested by comparing the levels of four
selected perfluoroalkyl acids (PFAAs) (i.e., perfluorooctanesulfonic
acid (PFOS), perfluorooctanoic acid (PFOA), perfluorohexane-
sulfonic acid (PFHxS), and perfluorononanoic acid (PFNA)) in
various global environmental media (i.e., rainwater, soils, and
surface waters) with recently proposed guideline levels. On the
basis of the four PFAAs considered, it is concluded that (1) levels
of PFOA and PFOS in rainwater often greatly exceed US
Environmental Protection Agency (EPA) Lifetime Drinking
Water Health Advisory levels and the sum of the aforementioned four PFAAs (Σ4 PFAS) in rainwater is often above Danish
drinking water limit values also based on Σ4 PFAS; (2) levels of PFOS in rainwater are often above Environmental Quality Standard
for Inland European Union Surface Water; and (3) atmospheric deposition also leads to global soils being ubiquitously
contaminated and to be often above proposed Dutch guideline values. It is, therefore, concluded that the global spread of these four
PFAAs in the atmosphere has led to the planetary boundary for chemical pollution being exceeded. Levels of PFAAs in atmospheric
deposition are especially poorly reversible because of the high persistence of PFAAs and their ability to continuously cycle in the
hydrosphere, including on sea spray aerosols emitted from the oceans. Because of the poor reversibility of environmental exposure to
PFAS and their associated effects, it is vitally important that PFAS uses and emissions are rapidly restricted.
KEYWORDS: PFAS, planetary boundary, chemical pollution, environmental exposure

■ INTRODUCTION
A recent review article in Science1 highlighted the global threat
posed by plastic pollution. These concerns were based on the
high environmental persistence of plastics, the related “poor
reversibility” and a range of potential effects. Other researchers,
including ourselves,2,3 have pointed out similar concerns
related to highly persistent nonpolymeric substances, but
these concerns are not equally obvious to the public compared
to the concerns with plastics. The relatively high public
concern regarding plastics is possibly driven by the visibility of
plastic waste compared to nonpolymeric substances.4 Clearly,
both plastic pollution and pollution by highly persistent
nonpolymeric substances lead to similar global problems.
Persistence is generally seen as a less immediate hazardous
property than toxicity, but it actually is the key factor that lets
pollution problems spiral out of control.2 This is because
persistence enables chemicals to spread out over large
distances, causes long-term, even life-long exposure, and
leads to higher and higher levels in the environment as long
as emissions continue. These increasing levels will with high
probability sooner or later lead to adverse effects. Importantly,
microplastic is under consideration for restriction in the EU

because of the extreme persistence of plastics and the
irreversibility of the exposure caused by plastic particles in
the environment.5

Recently a group of scientists flagged the concerns regarding
the inability of scientific analyses to keep pace with the amount
of chemicals produced and released into the environment,6

which limits the ability to discover new environmental threats
in time. Others have similarly pointed out the need for
precautionary chemicals managements; a notable example is
the report, “Late Lessons from Early Warnings”,7 where many
historical examples of global contamination problems are
provided, often associated with persistent chemicals.

A well-known class of pollutants, the per- and polyfluor-
oalkyl substances (PFAS), have also recently featured in a
review in Science.8 The vast majority of PFAS are highly
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persistent (based on the EU REACH definition whereby a
substance is persistent if it is persistent itself or has persistent
degradation products9), and this has been seen as basis for
managing them as a chemical class.3 While the review article in
Science pointed out the ubiquity and high persistence of PFAS,
it did not point out the current widespread and poorly
reversible risks associated even with low-level PFAS exposures.
It is hypothesized here that due to the global spread of PFAS,
the irreversibility of exposure to PFAS, and the associated
biological effects, a new planetary boundary for PFAS has been
exceeded.

Unfortunately, although there are many thousands of
substances defined as PFAS in use (PFAS include any
substance with at least one −CF2− or −CF3 moiety in its
structure10), the current understanding of biological impacts is
based primarily on studies of four perfluoroalkyl acids
(PFAAs), namely, perfluorooctanesulfonic acid (PFOS),
perfluorooctanoic acid (PFOA), perfluorohexanesulfonic acid
(PFHxS), and perfluorononanoic acid (PFNA). Whereas all
PFAS can be grouped into a class on the basis of their high
persistence,3 it is not possible to group many of them
according to biological risk because of a paucity of data on
exposure and effects for most PFAS.11 Therefore, because of
data gaps, the analysis presented here is based only on the four
PFAAs mentioned above. In the following, we provide four
pieces of evidence to support the claim that, even considering
only these four PFAAs, the new planetary boundary for PFAS
has been exceeded.

In the planetary boundary concept, an attempt is made to
estimate the boundaries for “a safe operating space for
humanity with respect to the functioning of the Earth
System”.12,13 Chemical pollution was one of the original nine
anthropogenic impacts for which planetary boundaries were
postulated because it can influence Earth System functioning:
“(i) through a global, ubiquitous impact on the physiological
development and demography of humans and other organisms
with ultimate impacts on ecosystem functioning and structure
and (ii) by acting as a slow variable that affects other planetary
boundaries.”12,13 The “chemical pollution” boundary was
renamed as the “novel entities” (NEs) boundary by Steffen
et al.,14 where NEs are defined as “new substances, new forms
of existing substances and modified life forms”, including
“chemicals and other new types of engineered materials or
organisms not previously known to the Earth system as well as
naturally occurring elements (for example, heavy metals)
mobilized by anthropogenic activities”. Several groups of
scientists6,15,16 have pointed out the challenges in quantifying
the planetary boundary for NEs, and recently it was proposed
to instead use various control variables to determine if the
boundary is exceeded.6 It is, in our opinion, an insurmountable
task to quantify the boundary for all NEs because (1) there are
critical data gaps for a large proportion of existing NEs, (2)
NEs of various types and mixtures of NEs are continuously
being generated and released to the environment, and (3)
there are multiple possible effects (not only toxic effects) that
individual NEs or groups/mixtures of NEs can cause. Several
of the existing planetary boundaries are related to the release of
NEs. For example, the boundaries for “stratospheric ozone
depletion” and “climate change” address the release of ozone
depleting substances and gases with global warming potential,
respectively. Therefore, rather than being a single planetary
boundary, the boundary for NEs can be thought of as a
placeholder for multiple planetary boundaries for NEs that may

emerge. It is argued here that PFAS define a new planetary
boundary for NEs.

We argue that if drinking water health advisories and other
guidelines designed to protect human health are exceeded due
to the global environmental spread of PFAS, then there is a real
danger of global health effects (e.g., affecting human
physiology) occurring and that it can be argued that the
planetary boundary for PFAS is exceeded. We do not deem it
necessary to demonstrate the prevalence of global human
health effects due to PFAS exposure to prove our hypothesis,
and we hope that such widespread effects in the human
population are never observed.

■ THE US EPA LIFETIME DRINKING WATER HEALTH
ADVISORIES FOR PFOS AND PFOA ARE OFTEN
LOWER THAN THEIR RESPECTIVE LEVELS IN
RAINWATER AND THE DANISH DRINKING WATER
LIMIT VALUE FOR Σ4 PFAS IS ALSO OFTEN
LOWER THAN THE LEVEL OF Σ4 PFAS IN
RAINWATER

In June 2022, the US Environmental Protection agency (EPA)
announced the release of health advisories for four PFAS,
including interim updated nonregulatory lifetime drinking
water health advisories for PFOA and PFOS of 4 pg/L and 20
pg/L, respectively.17 The US EPA health advisories identify the
concentration of chemicals in drinking water at or below which
adverse health effects are not anticipated to occur and, in
divergence with previous advisories, are based on human
epidemiology studies in populations exposed to these
chemicals. The most sensitive noncancer effect and the basis
for the risk assessment behind the interim updated health
advisories for PFOA and PFOS is suppression of vaccine
response (decreased serum antibody concentrations) in
children. The US EPA’s previous nonregulatory lifetime
drinking water health advisories were 70 ng/L for the sum of
concentrations of PFOS and PFOA. In 2020, the European
Food Safety Authority (EFSA) published their Opinion on the
risks to human health arising from the presence of PFAS in
food18 and proposed a group tolerable weekly intake (TWI) of
4.4 ng/kg body weight for the sum of PFOA, PFNA, PFHxS,
and PFOS. On the basis of the available studies in animals and
humans, effects on the immune system were considered the
most critical for the basis of the risk assessment.18 In June
2021, on the basis of the TWI in the EFSA Opinion, the
Danish Environmental Protection Agency tightened their
drinking water limit values and announced that drinking
water must not contain more than 2 ng/L of Σ4 PFAAs.19

PFAS drinking water guidelines have progressively decreased
over the last 22 years.20 For example, in the US the PFOA
drinking water guideline for West Virginia was 150 000 ng/L,20

which is higher by a factor of 37.5 million than the recently
announced US EPA drinking water lifetime advisory for PFOA
of 4 pg/L. As a result of this decrease, international drinking
water guidelines for PFAS are now close to, or even lower than,
levels in precipitation. Humans residing in industrialized areas
of the world do not often drink rainwater in modern life, but it
should nevertheless be a reasonable expectation that the
environment is clean enough that rainwater and mountain
stream water fed by precipitation is safe to drink. Furthermore,
in some parts of the world, notably in some arid and tropical
regions, rainwater remains an important source of drinking
water.21
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In Figure 1, the levels of PFAS in precipitation are reviewed
and compared to drinking water advisories for Denmark and

the US EPA, which are the most stringent advisories known
globally. The criteria for including/excluding studies for the
selection shown in Figure 1 are (1) only studies which have
precipitation samples are considered, (2) sampling and analysis
was carried out after 2010, and (3) raw data or descriptive
statistics (range and median or mean concentration) of the
data were provided. Only data from 2010 or later were
included because (1) these data are more recent and further

from the 2000−2002 3M phase-out of long-chain PFAS
chemistries and (2) there were large analytical improvements
throughout the early 2000s as evidenced by the improvement
in the fourth international interlaboratory study of 2011
compared to the three international interlaboratory studies
conducted between 2004 and 2009.22 Four precipitation
studies were excluded because although the studies were
published after 2010, the analysis was performed prior to 2010
(see Supporting Information).

In Figure 1A, the levels of PFOA in rainwater greatly exceed
the US EPA drinking water health advisory for PFOA, even in
remote areas (the lowest value for PFOA is for the Tibetan
Plateau with a median of 55 pg/L,23 which is approximately 14
times higher than the advisory). In Figure 1B, the levels of
PFOS in rainwater are shown to often exceed the US EPA
drinking water health advisory for PFOS, except for two
studies conducted in remote regions (in Tibet and Antarctica).
In Figure 1C, the levels of Σ4 PFAAs in precipitation are
reviewed,23−34 and it is shown that, in populated regions
(defined as “urban” and “rural” in Figure 1), the levels would
often exceed the Danish limit values for drinking water. In
remote regions, with low human populations, the Σ4 PFAAs in
rainwater also often exceeds the Danish drinking water limit
value (Figure 1C). In Sweden, a national mapping of PFAS in
municipal raw and drinking waters was undertaken in 2021.35

About 49% of drinking waters in Sweden were found to
contain ΣPFAS > 5 ng/L, and it was shown that the 4 PFAAs
that are included in EFSA’s risk assessment contributed a large
fraction of the total PFAS measured. For comparison with the
US, it was recently estimated36 that at a concentration of 5 ng/
L for combined PFOA + PFOS, 21−123 million people or
7−41% of the US population may have drinking water at or
above that level, and at a concentration of 2.5 ng/L, it was
estimated to be 76−205 million people or 25−68% of the
population. The Swedish drinking water guideline for
mitigation action (90 ng/L for Σ11 PFAS)37 was previously
based on the 2008 EFSA Scientific Opinion on PFOS and
PFOA38 and was recently reduced to 4 ng/L Σ4 PFAAs,37 in
light of the 2020 EFSA Opinion on PFAS.18

The US EPA health advisories seem not to be practically
reachable without investment of huge cleanup costs in drinking
water treatment plants given that most drinking water sources
on the planet will have PFAS levels above the advisory levels.
The US EPA health advisories are nonregulatory but
demonstrating compliance to these guidelines would be an
analytical challenge because modern methods are typically not
able to achieve detection limits for PFOA below 4 pg/L in
drinking water. Modern research laboratories have detection
limits as low as 80 pg/L for PFOA and 100 pg/L for PFOS,
respectively, in drinking water39 and commercial laboratories
tend to have much higher detection and quantification limits
(e.g., Eurofins has quantification limits of about 1 ng/L for
PFAS in water40). Achieving detection limits of <4 pg/L for
PFOA in drinking water would be theoretically possible given
that low pg/L levels have been previously measured in ocean
water samples, even more than a decade ago.41 Achieving such
a low detection limit in drinking water would probably require
extraction of larger than typical sample volumes and/or
injection of larger extract volumes on the instrument. For
example, the published method39 that achieved 80 pg/L
detection limits for PFOA was based on 10 mL samples and
could be scaled to achieve <4 pg/L detection limits with larger
sample volumes. It will also be important to have very low

Figure 1. Levels of (A) PFOA, (B) PFOS, and (C) Σ4 PFAAs
(PFOA + PFNA + PFHxS + PFOS) in wet deposition collected at
various global locations from 2010 to the present. For one study,24 it
was not possible to derive median values and thus mean values are
provided (indicated by *). The dashed line in (A) shows the US EPA
health advisory for PFOA (0.004 ng/L), the dashed lines in (B) show
the EU EQC for PFOS (i.e., 0.65 ng/L) and the US EPA health
advisory for PFOS (i.e., 0.020 ng/L), and the dashed line in (C)
shows the Danish drinking water guideline for Σ4 PFAAs (i.e., 2 ng/
L). Bars indicate median values, and the uncertainty bars indicate
minimum and maximum values. Wet deposition measurements for Σ4
PFAAs are ordered from high to low (from left to right) and sorted
into four categories (“Fluoropolymer plant” indicates that samples
were taken close to a fluoropolymer manufacturing plant; “Urban”
indicates that samples were taken in cities or urbanized regions;
“Rural” indicates that samples were taken in rural less-populated
locations, and “Remote” indicates that samples were taken in regions
with very low or nonexistent human populations). Some studies
sampled wet deposition in multiple locations within one of the four
categories, and thus data from these individual locations are grouped
together in several bars. The raw data and a description of data
treatment for figure preparation are provided in the Supporting
Information.
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blank contamination because ultimately the blank levels and
associated quality assurance will determine the detection limits
that can be achieved.

■ THE EUROPEAN UNION (EU) ENVIRONMENTAL
QUALITY STANDARD (EQS) FOR PFOS FOR
FRESHWATERS IS OFTEN LOWER THAN LEVELS IN
RAINWATER

In 2010, the National Institute for Public Health and the
Environment (RIVM) in the Netherlands derived a risk-based
maximum permissible concentration (MPC) for PFOS in
freshwaters of 0.65 ng/L based on potential for secondary
poisoning in humans due to fish consumption.42 The MPC is a
guideline level and it is defined as “the level at which no
harmful effects are expected, based on annual average
concentrations”. In 2013, PFOS and its derivatives were
included in Directive 2013/39/EU and thus considered
“Priority Hazardous Substances” under the Water Framework
Directive (WFD) (2000/60/EC). Environmental Quality
Standards (EQC) were, then, set for PFOS and its derivatives
for freshwaters, marine waters, and biota. The EU annual
average environmental quality standard (AA-EQS) for PFOS
in Inland EU Surface Water was set at 0.65 ng/L, following the
same reasoning used previously by RIVM. It is known that
concentrations of PFOS in freshwaters regularly exceed the
EQS,43,44 but potentially of more concern is that the levels of
PFOS in rainwater are equal to, or even exceed the EQS. As
can be seen in Figure 1A), the levels of PFOS in rainwater in
populated regions in the northern hemisphere in some cases
exceed, or are close to, the EQC of 0.65 ng/L. Therefore,
regardless of wastewater inputs to freshwaters, the EQC for
PFOS will likely always be approached in populated regions,
and often exceeded, as a result of the widespread presence of
PFOS in atmospheric deposition.

Recently, authorities in the Stockholm metropolitan region
have advised the public not to eat fish from lakes in the
region.45 This was not based on exceedance of the 0.65 ng/L
EQS for PFOS and associated secondary poisoning but rather
on exceedance of a temporary action level for fish of 9.1 ng/g
PFOS set by the Swedish Food Agency.37 The Swedish action
level is considered temporary because it will be revised in the
near future37 according to the 2020 EFSA Scientific Opinion
on the risks to human health arising from the presence of
PFAS in food.18 Given that the EU freshwater EQC is based
on secondary consumption in humans because of fish
consumption, there are grounds for revising the EQS based
on the recent EFSA Opinion.18 Such a revision of the
freshwater EQS would likely result in a further reduction in its
level and in basing the EQS on the sum of PFOA, PFNA,
PFHxS, and PFOS.

■ THE DUTCH GUIDELINES FOR PFAS IN SOILS AND
DREDGING MATERIAL WERE IMPOSSIBLE TO
APPLY DUE TO THE UBIQUITY OF PFAS IN
ATMOSPHERIC DEPOSITION

Recent guidelines set in July 2018 by the infrastructure
ministry in the Netherlands stated that soil and dredging
material should not contain concentrations of >0.1 μg/kg dry
weight (dw) of either PFOS or PFOA.46 As the levels of PFAS
in soils often exceeded these guideline values, 70% of building
projects involving soil removal and filling with excavated
material were halted in the Netherlands.47 Following builders’

protests, the Dutch government relaxed the guidelines.48 Only
a few studies have reported levels of PFAS in soils that have no
known local PFAS source nearby. For example, Rankin et al.
reported median PFOS and PFOA concentrations of 0.47 and
0.12 μg/kg dw for global soils,49 whereas Sörengård et al.
reported median PFOS and PFOA concentrations of 0.39 and
0.38 μg/kg dw in Swedish forest soils.50 These reported soil
levels illustrate the impossibility of complying with the Dutch
guidelines before they were revised upward. The background
soil contamination with PFAS is again a result of the
environmental ubiquity of PFAAs in atmospheric deposition.
If soils are amended with sewage sludge or biosolids, which is a
common practice in agriculture in many countries, then soil
levels will be further elevated and PFAS can leach to
contaminate surface water and groundwater, including drinking
water sources. On the basis of concerns regarding PFAS soil
contamination, the US State of Maine passed a bill banning the
use of biosolids in land applications unless, in the unlikely case,
they could be shown to be PFAS free.51

■ THE CYCLING OF PFAAs IN THE WORLD’S
HYDROSPHERE MEANS THAT LEVELS OF PFAAs
IN RAINWATER WILL BE PRACTICALLY
IRREVERSIBLE

Until recently, the common belief was that PFAAs would
eventually wash off into the oceans where they would stay to
be diluted over the time scale of decades.52 A recent study,53

however, has provided evidence that certain PFAS, notably the
long-chain PFAAs, which include the 4 PFAAs included in
EFSA’s TWI, can be significantly enriched on sea spray
aerosols (SSA) and transported in the atmosphere back to
shore where they will be deposited and contaminate fresh-
waters, drinking waters and surface soils.

This continual global cycling of PFAAs in the hydrosphere
will lead to the continued exceedance of the above-mentioned
guidelines. This finding is particularly worrying because (1)
guideline values based on biological effects have continually
decreased20 and may not yet have reached the bottom as more
scientific evidence emerges, (2) guidelines are currently based
on only a few of the substances in the large PFAS class,10 and
(3) there is no evidence for the decline in environmental
concentrations and thus environmentally derived exposures of
PFAS.54

■ DISCUSSION
PFAS are a planetary boundary problem based on the criteria
outlined by MacLeod et al.,55 namely, (1) the diffuse PFAS
pollution is global in its scale, (2) the effects are only now
being discovered after the pollutants are already globally
spread, and (3) now that the effects have been discovered they
are poorly reversible or irreversible. As with most chemicals in
use,6 because of the lack of information, it is impossible to
make a full assessment of the planetary boundary threat for the
many thousands of PFAS in the class. Nevertheless, based on
the four PFAAs considered here, it is concluded that in many
areas inhabited by humans the planetary boundary for PFAS
has been exceeded based on the levels in rainwater, surface
water and soil, with all of these media being widely
contaminated above recently proposed guideline levels.
Although the global emissions of these 4 PFAAs have been
reduced in recent years in most countries,5256 these substances
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continue to remain in the environment due to their high
persistence and will continually cycle in the hydrosphere.

The analysis presented here has purposefully referred to the
most stringent PFAS guideline values on an international basis,
which are not representative of international guideline values
for PFAS. There is, for example, a large disagreement
internationally, and even between individual states in the
US,20 regarding drinking water guidelines for PFAS. The
various guidelines were developed by different scientists at
different time points and the risk assessments are often based
on varying end points. A clear and disturbing temporal trend
emerges, however, with more recent guidelines being several
orders of magnitude lower than older guidelines.20 Guidelines
in the US and Europe have been driven downward recently as
a result of emerging evidence for the suppression of vaccine
response in children.57 We make no attempt to determine
which of the many guidelines (see compilation58) is based on
the strongest empirical evidence on effects because such a
judgment is outside of our expertise. The point that we want to
make is that the most stringent risk-based health advisories are
often well below environmental levels, and this should be of
concern and a reason for taking stringent measures.

Although PFAS are globally present in all environmental
media and locations, there are still some few areas of the planet
where the environmental levels of PFAS remain relatively low.
However, even in these remote and sparsely populated regions,
such as Antarctica and the Tibetan plateau, the most stringent
PFAS guidelines are exceeded (Figure 1). These areas cannot
support large populations and are not available for settlements
where major parts of the population could move. In most other
areas, PFAS guideline values are exceeded and this implies
potential public health impacts: higher incidences (notably in
large populations, i.e., many cases) of PFAS-related effects,
such as reduced immune response, but also high additional
costs for healthcare and, where possible, remediation.59

Moreover, in many cases, PFAS-related impacts occur in
combination with other environmental issues, such as water
scarcity or pollution by other contaminants.

Finally, we conclude that PFAS define a new planetary
boundary that has been exceeded, based on PFAS levels in
environmental media being ubiquitously above guideline levels.
Irrespective of whether or not one agrees with our conclusion
that the planetary boundary for PFAS is exceeded, it is
nevertheless highly problematic that everywhere on Earth
where humans reside recently proposed health advisories
cannot be achieved without large investment in advanced
cleanup technology. Indeed, although PFOS and PFOA were
phased out by one of the major manufacturers (3M) 20 years
ago, it will take decades before levels in land-based water and
precipitation approach low picogram per liter levels. Moreover,
the problems associated with PFOS, PFOA, or Σ4 PFAAs are
likely to be only the tip of the iceberg given that there are
many thousands of PFAS in the class and the risks associated
with most of them are unknown.60 In view of the impacts of
humanity’s chemical footprint on planetary health, it is of great
importance to avoid further escalation of the problem of large-
scale and long-term environmental and human exposure to
PFAS by rapidly restricting uses of PFAS wherever possible.61

Furthermore, as has been stated by ourselves3 and others7

before, society should not continually repeat the same mistakes
with other persistent chemicals.
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■ INTRODUCTION

Per- and polyfluoroalkyl substances (PFAS) are a class of over
9000 persistent hazardous chemicals used in industrial
processes and consumer goods. They are ubiquitous in the
environment and in people, who are exposed to PFAS via
contaminated food and water, consumer products, and
workplaces.1 Exposure to several PFAS has been linked to a
plethora of health effects in both animal and human studies,
even at background levels. They are so environmentally
persistent that they have been termed “forever chemicals.”
While in many ways PFAS contamination problems reflect

broader issues with the chemicals regulatory system in the
United States, a key feature of this industry is that only a
handful of companies have produced the basic chemical
building blocks for PFAS chemicals. These companies have
known about the potential toxicity, human exposure, and
extreme persistence of PFAS since the 1970s, yet have
continued and expanded production.2

In the 2000s, in response to mounting pressure from the
U.S. Environmental Protection Agency (EPA) about risks to

human and environmental health, PFAS manufacturers agreed
to phase out U.S. production of perfluorooctanoic acid
(PFOA), perfluorooctanesulfonate (PFOS), and some related
PFAS. Replacement PFAS, including new chemicals developed
by industry, are widely used in more than 200 use categories,3

despite growing concerns about exposures, persistence, and
toxicity.4

The PFAS industry claims that the chemicals’ use in
consumer goods and industrial applications brings wide
benefits, valuing the U.S. fluoropolymer segment at $2 billion
a year.5 However, it fails to mention the costs of exposure,
which are long-term, wide-ranging, routinely externalized onto
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the public, and disproportionately experienced. Focusing on a
narrow, short-term view of PFAS benefits ignores how costs
are displaced to communities and governments, despite
existence of safer alternatives in most product sectors.
This review of the true costs of PFAS highlights the need to

act now to ensure that exposures are capped at current levels
by reducing the production and use of PFAS. It calls attention
to systematic failures of U.S. chemical regulation, including
inadequate premarket review of new compounds, data gaps
that prevent and delay the regulation of existing chemicals, and
the widespread externalization of social costs of pollution onto
the public.

■ SNAPSHOT OF THE PROBLEM
Shifting the Burden to Public Utilities. Widespread

contamination of surface water and groundwater due to
industrial releases of PFAS or use of PFAS-containing
firefighting foams is now a major problem in the United
States and globally. An estimated 200 million U.S. residents,
nearly two-thirds of the U.S. population, receive municipally
provided drinking water that is contaminated with PFAS.6

Methods to reduce levels of PFAS in drinking water include
filtration with granular activated charcoal treatment, reverse
osmosis, ion exchange, or blending with less contaminated
water from other sources, none of which fully eliminate PFAS.
Municipalities may also opt to buy water from other
distributors, but each method involves significant capital
costs for new infrastructure and ongoing maintenance costs.
For example, following extensive contamination by a PFAS
manufacturer in the Cape Fear River watershed, Brunswick
County, North Carolina spent $99 million on a reverse
osmosis plant and will incur $2.9 million annually in operations
expenses. Orange County, California estimates that the
infrastructure needed to lower the levels of PFAS in its
drinking water to the state’s recommended levels will cost at
least $1 billion.
These costs of cleaning up PFAS contamination of water are

rarely internalized by chemical manufacturers or other
responsible parties. Instead, they are usually displaced onto
public utilities, their ratepayers, and state and local govern-
ments.
Communities with PFAS-contaminated drinking water also

incur expenses related to testing and monitoring the
contamination, informing the public, gathering information
on treatment alternatives, studying the feasibility of infra-
structure investments, and staff time for these projects. Low-
income communities may be unable to cover such
expenditures and often have few options for cost recovery,
especially when the source of the PFAS contamination has not
been determined. Additionally, PFAS contamination is likely to
disproportionately impact vulnerable communities due to
historic racial discrimination in housing and occupational
sectors, and inequitable enforcement of environmental
regulations that concentrate point sources of pollution
proximal to these communities.
PFAS in wastewater can lead to additional expenses for

public utilities. Wastewater treatment plants are designed to
remove solids and pathogens, not persistent chemicals, and so
any PFAS coming into the treatment plant are largely
discharged into receiving waters or left as contaminants in
sewage sludge. Needed treatment to remove contaminants will
result in increased costs, and failure to treat may decrease
existing revenue streams. For example, the public utility

managing Merrimack, New Hampshire’s wastewater currently
earns $400,000 annually from processing sludge into compost
for public sale as fertilizer. If the utility can no longer sell the
sludge due to PFAS contamination, it will instead have to
spend $2.4 million annually in landfill charges.

Other Externalized Costs of PFAS. Many other PFAS-
related costs are routinely passed on to the public, rather than
paid by the responsible polluters. For example, to prevent
further contamination of water resources, the stock of
fluorinated aqueous film-forming foams (AFFFs) still in
place at military bases, airports, industrial sites, and local fire
stations needs to be replaced with nonfluorinated foams. This
requires collecting the AFFFs and then decontaminating or
replacing equipment. The unused AFFFs and the PFAS-laden
rinsewater must be contained, and no safe, permanent
destruction methods currently exist.
The process of deciding what to do with hot spots of PFAS

contamination is labor-intensive, time-consuming, and ex-
pensive. Testing of soil and water to determine the extent of
contamination typically costs hundreds of dollars per sample,
and few cleanup options exist. Landfilling of contaminated soil
involves transportation costs and tip fees, and PFAS are only
sequestered for the lifespan of the landfill. Incineration may
destroy PFAS but only at extremely high temperatures, and has
not been shown to work at large scale. Concerns about
emissions from PFAS incineration, as well as public outrage at
incineration testing in impacted communities, point to both
health and political costs of PFAS incineration.
PFAS contamination may also reduce property values of

homes and businesses. The discovery of water contamination,
or even the perceived risk of potential contamination, can
depress property values and stigmatize neighborhoods,
potentially leading to lower home values and blocking
residents’ from selling properties, particularly when contami-
nation achieves a level of public notoriety.7

Households and local businesses seeking to avoid exposure
to contaminated drinking water may have to purchase bottled
water or install and maintain home water filtration systems. In
cases where the polluter is known, these costs may be
recoverable through costly litigation. More often, however, the
precise source of PFAS contamination is unclear, contested, or
involves multiple polluters, making litigation or regulatory
outcomes uncertain. Additionally, residents living outside of
established boundaries or whose water is below specific action
levels may not qualify for alternative water supplies, even if
distribution systems exist.
Farms in areas with PFAS-contaminated water or soil may

be forced to destroy harvests or products, or even to cease
operation. As examples, dairy farms in more than one state
were forced to dump milk contaminated with PFAS from
agricultural applications of sludge and to euthanize their herds,
while an organic farm near Colorado’s Fort Peterson Air Force
Base completely ceased production after learning that their
irrigation water was highly contaminated.
Again, the governance and research expenses in such

instances are substantial. In addition to technical expertise
and staffing related to exposure assessment, human bio-
monitoring, and cleanup efforts, local and state governments
must invest significant resources in public engagement and
communications, and in managing PFAS programs and task
forces. For example, North Carolina has allocated over $5
million for its PFAS Testing Network to address ongoing
questions about PFAS exposure.
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State and local governments may also incur significant legal
expenses. States including New Hampshire and New Jersey
have been sued by PFAS manufacturers opposed to health-
protective drinking water regulations. States have occasionally
received compensation from the companies responsible for
PFAS pollution in their environs, including Minnesota ($850
million), Alabama ($39 million), and Michigan ($168
million).8 The number of lawsuits and the size of settlements
indicates the nation-wide scope of PFAS contamination and
the costs of exposure. Legal actions such as these require
significant time and resources from state-employed and
contracted lawyers, consultants, and other professionals.
Moreover, these legal actions happen after the damage has

occurred. Since complete remediation of PFAS in the
environment is impossible at this time, exposures will remain
for generations to come.
Health Impacts: The Biggest Externality. Exposure to

PFAS via contaminated drinking water has been linked to
kidney and testicular cancer, ulcerative colitis, pregnancy and
fertility problems, liver diseases, thyroid disease, and high
cholesterol.1,9 PFAS exposure is also linked to immunotoxic
effects, including decreased response to vaccines and possible
increases in COVID-19 severity.10 Even low-level exposure is
associated with serious health consequences. For example,
multiple studies have linked prenatal PFAS exposure with low
birth weight, a particularly concerning end point that is
associated with higher risk of cardiovascular disease,
respiratory disease, and diabetes in adulthood, as well as
impaired cognitive development and lower lifetime earnings.11

The impacts on human health due to PFAS exposure are
immense. A recent analysis of impacts from PFAS exposure in
Europe identified annual direct healthcare expenditures at
€52−84 billion.12 Equivalent health-related costs for the
United States, accounting for population size and exchange
rate differences, would be $37−59 billion annually. These costs
are not paid by the polluter; they are borne by ordinary people,
health care providers, and taxpayers.
Indirect social costs are also extensive, though more difficult

to calculate. They include lost wages; lost years of life; reduced
quality of life; increased stress, anxiety, and depression; and
subsequent impacts on families and communities. Such social
costs are quantifiable and can guide policy,13 but no such
analysis currently exists for health impacts from PFAS in the
United States.
Finally, other significant health-related costs borne by

government institutions and taxpayers include biomonitoring
and health monitoring of exposed populations, and govern-
ment research expenditures aimed at identifying PFAS toxicity
and extent of exposures. In a more equitable world, this
research would be carried out by the producer before the
chemical came onto the market.

■ DISCUSSION
The health, societal, and economic impacts of contamination
from PFAS production and use are multifaceted and broadly
distributed. The costs of these impacts are long-term,
incompletely understood, and externalized onto individuals,
communities, and government at all levels, while profits accrue
to corporations shielded from these costs by the protections
built into our chemical regulatory laws and practices.14 The
continued use of PFAS will lead to increases in contamination
and exposures in the future. But these exposures can be capped
if steps are taken now to reduce and eventually phase out

production and use of PFAS in all nonessential applications. In
the meantime, the responsibility for paying for the legacy
contamination should rest on the companies who continue to
produce and market these chemicals even though they know
about the chemicals’ toxicity and extreme persistence.
Under a precautionary system of chemicals production in

which companies had to demonstrate the safety of their
products before accessing markets, costs could be substantially
reduced by avoiding the production of toxic substances, and
remaining costs would be internalized by PFAS producers into
the price of their products. But in the United States, these costs
are largely borne by the public and public institutions.
As this review of PFAS externalities shows, meaningful

action must address not just remediation and cleanup of legacy
contamination, but must also reduce current production and
uses of PFAS, in order to limit the extent of future exposures.
Class-based regulation of all PFAS is needed,15 and California’s
recent action to regulate PFAS as a class in consumer products
demonstrates that class-based restrictions are possible and
desirable.16

Ubiquitous exposure to many toxic chemicals, not just
PFAS, reflects a failure of regulatory systems to adequately
reduce risk, and a privileging of short-term industry profits over
long-term public health and environmental impacts. While the
costs of drinking water treatment and PFAS remediation are
substantial, the potential health-related costs of continued
exposure to PFAS are much larger and will likely impact
vulnerable communities disproportionately. Failing to take
timely action to reduce the production and use of PFAS will
result in exponentially higher costs to be paid by exposed
populations for generations to come.
Understanding the true extent of these costs will clarify the

benefits of improved regulatory controls and timely clean-ups.
It will enable residents and policy makers to make informed
decisions about who should rightfully bear responsibility for
impacts and compensation. A strengthened regulatory system
is needed, both in terms of enforcement of existing regulations
and enactment of stronger, class-based laws to internalize the
costs and reduce or eliminate the production of persistent,
mobile, bioaccumulative, and toxic compounds. Only a
strengthened regulatory system can adequately protect public
health and the environment, and end the practice of forcing the
public and future generations to bear the financial and health
burden of pollution.
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Executive Summary 

This study develops alternatives to remove and destroy per- and polyfluoroalkyl substances (PFAS) from 

water resource recovery facility (WRRF) effluent, biosolids, mixed municipal solid waste (MSW) landfill 

leachate, and compost contact water (waste streams) using currently feasible technologies (i.e., could be 

built today). Barr Engineering Co. (Barr) and Hazen and Sawyer (Hazen) screened over 50 PFAS separation 

and destruction technologies for their ability to remove and destroy select PFAS to below current 

analytical reporting limits (a non-regulatory target established by the Minnesota Pollution Control Agency 

[MPCA] specifically for this study) and for their demonstrated commercial status. Thirteen technologies 

were retained for detailed consideration and assembled into alternatives, including destroying PFAS in 

final waste products. Assembled alternatives were ranked for criteria related to technical feasibility, 

economic feasibility, and byproducts management. Barr and Hazen retained two-to-four alternatives for 

each waste stream for preliminary design and cost estimating.  

Currently, feasible technologies to separate PFAS from liquid waste streams are limited to sorption 

processes in pressure vessels (including granular activated carbon [GAC], anion exchange [AIX], and 

modified clay), reverse osmosis (RO) membrane separation, and foam fractionation. Feasible technologies 

to destroy PFAS from liquid media are currently limited to high-temperature incineration, thermal 

oxidation, and supercritical water oxidation (SCWO). Management of PFAS in biosolids remains a 

developing field with significant public and regulatory interest. Technologies selected as feasible at this 

time include SCWO, pyrolysis followed by thermal oxidation, and gasification followed by thermal 

oxidation. 

Table ES-1 summarizes estimated capital and operations and maintenance (O&M) cost ranges for the two 

highest-ranking PFAS management alternatives for each waste stream for illustrative purposes. These 

estimates do not include pretreatment costs to achieve specified PFAS treatment process requirements. 

Pretreatment costs can, in some cases, be more expensive than PFAS removal and destruction. 

Requirements for both pretreatment and PFAS removal will vary significantly among sites and will need 

site-specific evaluations. Site-specific goals, conditions, and limitations may impact technology selection 

and implementation costs. Detailed PFAS removal cost estimates and cost curves for three facility sizes are 

included in this report. Based on our analyses, capital costs for removing PFAS from WRRF effluent and 

biosolids are similar, but O&M costs are significantly lower for biosolids treatment. 
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Table ES-1 Select capital and O&M cost ranges for highest-ranking alternatives 

Waste Stream Facility Size 
Highest-Ranking 

Alternatives 

Capital Cost 

Range  

(by facility) 

Annual O&M 

Cost Range  

(by facility) 

Relative 

Confidence in 

Ability to Reliably 

Meet PFAS 

Targets[2] 

Municipal WRRF 

effluent 

10 million gallons 

per day (MGD) 

(6,940 gpm)  

 

(similar to 

Mankato or 

Moorhead with a 

population of 

45,000) 

GAC with reactivation 

(Alt 1a)[1] 
$41M–$88M $4.5M–$9.6M 

Medium-high 

(breakthrough of 

short-chain PFAS 

may limit reliability) 

GAC, single-use AIX 

with GAC reactivation 

and AIX high-

temperature 

incineration (Alt 6a)[1] 

$80M–$170M $6.1M–$13M 

High  

(two processes 

provide more 

controlled 

breakthrough) 

Municipal WRRF 

biosolids 

10 dry tons per 

day (estimated for 

10 MGD WRRF) 

SCWO[3] $40M–$85M 
$0.47M–

$0.99M 

Medium-high 

(limited testing at 

full-scale) 

Pyrolysis or 

gasification with 

thermal oxidation of 

pyrogas[1,3] 

$53M–$110M $0.55M–$1.2M 

Medium-high high 

(limited testing at 

full scale) 

Mixed MSW 

landfill leachate 

0.014 MGD (10 

gpm) 

GAC with high-

temperature 

incineration (Alt 1a)[1] 

$0.30M–

$0.60M 

$0.23M–

$0.48M 

Medium 

(breakthrough of 

short-chain PFAS 

may limit reliability) 

Foam fractionation 

with high-

temperature 

incineration of 

foamate (Alt 8a)  

$5.0M–$11M 
$0.20M–

$0.42M 

Low  

(limited removal of 

short-chain PFAS) 

Compost 

contact water 

0.014 MGD (10 

gpm) 

GAC with high-

temperature 

incineration (Alt 1a)[1] 

$0.30M–

$0.60M 

$0.21M–

$0.44M 

Medium 

(breakthrough of 

short-chain PFAS 

may limit reliability) 

Foam fractionation 

with high-

temperature 

incineration of 

foamate (Alt 8a) 

$5.0M–$11M 
$0.20M–

$0.42M 

Low  

(limited removal of 

short-chain PFAS) 

[1]  Alternatives indicated likely need pretreatment processes to operate PFAS separation and destruction technologies. 

Pretreatment costs are not included in this table but are discussed in report sections for each waste stream. 
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[2]  Relative ability to reliably meet PFAS targets reflects a combination of technology performance and reliability. For example, 

foam fractionation alternatives receive a “low” score because they are not expected to meet short-chain PFAS treatment 

targets. Alternately, single-process media filtration is expected to meet targets most of the time, except when a breakthrough 

event occurs. Hence, it receives a “medium” to “medium-high” score for reduced reliability. Breakthrough can be monitored 

and managed to limit PFAS reporting to effluent; however, targeting levels below analytical reporting limits for PFBA in high-

concentration waste streams like landfill leachate could require media changeout every 2–4 weeks, which is on a similar time 

frame as analytical turnaround time for PFAS. Thus, PFAS breakthrough may not be detected in time for changeout, resulting 

in a lower reliability score for single-process media filtration for high PFAS concentration waste streams. Compared to single-

process media filtration, dual-process media filtration receives a score of “high” because it is expected to allow for more time 

for monitoring breakthrough across four vessels instead of two and thus to more reliably meet PFAS targets. 

[3] Biosolids costs are extrapolated from cost curves developed for this study. 

Capital costs are driven by the recalcitrant and water-soluble nature of PFAS, which requires multiple 

additional processes, including pretreatment ahead of designated PFAS separation and destruction 

alternatives. Most currently available PFAS removal systems are modular, with limited economy-of-scale 

benefits for large facilities. O&M costs are driven by operational labor, energy use of high-temperature 

destruction technologies, and frequent sorption media changeout needed to achieve concentrations of 

short-chain PFAS below current method reporting limits (for alternatives with sorption media).  

Costs were also evaluated with a lens on the cost per benefit provided by comparing the cost per mass of 

target PFAS removed between different waste streams and technologies over 20 years (detailed in 

Table 11-1). Treating wastewater biosolids or landfill leachate had the lowest cost per mass of target PFAS 

removed over 20 years (approximately $0.7 million to $4.0 million per pound of PFAS removed from 

biosolids and $0.2 million to $18 million per pound of PFAS removed from leachate). These costs are 

further described in Section 11.2. This cost range reflects the range of facility sizes analyzed here and the 

design basis influent PFAS concentrations established for this study. 

When costs for individual facilities were extrapolated to the estimated number of WRRFs in Minnesota 

accepting greater than 0.05 MGD and mixed MSW landfills and composting sites, estimated costs for 

Minnesota could be at least $14 billion for removing and destroying PFAS from WRRF effluent and 

biosolids, and at least $105 million for removing and destroying PFAS from mixed MSW landfill leachate 

and compost contact water. These estimates, which include pretreatment, are summarized in Table ES-2 

and further discussed in Section 11.3. 
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Table ES-2 Summary of estimated 20-year costs for managing PFAS in targeted waste 

streams in Minnesota[1] 

Waste Stream 

Estimated 

Number of 

Facilities 

Range of Flows 

Estimated 20-year costs 

for Minnesota 

(Millions of USD)[2] 

Municipal WRRF 

effluent[3] 
283 0.1–300 MGD $12,000–$25,000 

Municipal WRRF 

biosolids[4] 

1 regional 

facility, plus 50 

on-site facilities 

50 dry tons of wastewater solids 

per day (dtpd) regional facility, 

on-site for 1–10 dtpd 

$1,600–$3,300 

Mixed MSW landfill 

leachate[5] 
24 1–100 gpm $77–$160 

Compost contact water[6] 9 1–100 gpm $28–$60 

[1] This statewide evaluation carries additional uncertainty related to approximations for facility sizing, number of facilities, and 

degree of pretreatment needed. Costs are rounded to two significant figures. Costs are based on design basis concentrations 

selected to be typical of those reported in WRRF effluent (Helmer, Reeves, and Cassidy 2022; Coggan et al. 2019; Thompson et 

al. 2022), biosolids (Venkatesan and Halden 2013; Helmer, Reeves, and Cassidy 2022), landfill leachate (Lang et al. 2017), and 

compost contact water (Wood Environment & Infrastructure Solutions Inc. 2019). 

[2] Twenty-year costs reflect net present value calculations using an interest rate of 7%. 

[3] WRRF upgrade costs for effluent treatment are for PFAS separation and destruction using GAC adsorption with high-

temperature incineration of media at flow rates below 1.1 MGD and GAC reactivation at higher flow rates. These include 

approximate costs for tertiary treatment retrofits (at WRRFs) or pretreatment processes (at landfill leachate and composting 

sites) likely needed at most facilities to provide the water quality required for GAC or RO feed. This analysis excludes WRRFs 

below 0.05 MGD. 

[4]  WRRF upgrade costs are for PFAS destruction in biosolids using pyrolysis or gasification with thermal oxidation of produced 

gasses. Costs include centrifuge dewatering to provide 25% solids material for process feed for each facility. These assume 

that WRRFs treating more than 0.1 MGD but producing less than 1 dtpd biosolids would ship to one regional, 50-dtpd 

pyrolysis facility. The costs shown here do not include transporting biosolids to that facility. These costs also do not include a 

pyrolysis/gasification facility with thermal oxidation for Minnesota’s largest WRRF because costs for a facility of this size are 

not available. 

[5]  Costs are presented for 24 landfills, but the total number of landfills accepting mixed MSW in Minnesota is difficult to 

estimate due to mixed-use. Assumed equalization is present to limit peak leachate flows to twice the annual average leachate 

flow. Facility sizes are estimated based on publicly available data. 

[6]  Costs are presented for nine composting sites, but the total number of source-separated organic material (SSOM) composting 

sites is difficult to estimate due to mixed-use. Facility sizes are estimated based on publicly available data. 

Most currently available PFAS destruction technologies are designed to treat concentrated waste streams 

rather than WRRF effluent water and are unlikely to be economically viable for most individual facilities. 

Regionalization of PFAS destruction may make financial sense for managing concentrated PFAS waste 

streams such as biosolids, foam fractionation foamate, GAC, and AIX resin. It may also be beneficial for 

treating high-concentration waste streams like landfill leachate, compost contact water, and biosolids 

from smaller facilities where on-site destruction is not economically viable. Evaluation of a regional high-

temperature incineration facility for sorption media and a regional biosolids pyrolysis or gasification 

facility suggests that such facilities could potentially be economically viable when the fee structure is set 

appropriately to benefit the individual utilities and the regional facility. Other regionalization options that 

may become feasible include regional disposal of smaller volumes of foamate from foam fractionation 

using emerging destruction technologies such as SCWO, high-temperature alkaline treatment (HALT), or 

electrochemical oxidation. 



 

 

 

 5  
 

Except for foam fractionation, liquid treatment technologies currently available at commercial scales are 

conventional water treatment technologies used in the water treatment industry for many years to treat 

other substances. While these technologies have been adapted at the commercial scale for PFAS 

treatment, many were not specifically designed for PFAS removal. New, targeted technologies to 

concentrate and destroy PFAS exist and have been demonstrated at bench- and pilot-scale. These newer 

technologies have the potential to reduce future capital and operating costs. However, these technologies 

are currently applied at small scales; for many of these newer technologies, performance and long-term 

maintenance needs have not been proven in full-scale implementations. In the future, these technologies 

may potentially be implemented at individual facilities rather than relying on regional or out-of-state 

high-temperature incineration facilities.  
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1 Introduction 

Evaluation of Current Alternatives and Estimated Cost Curves for PFAS Removal and Destruction from 

Municipal Wastewater, Biosolids, Landfill Leachate, and Compost Contact Water (Report) has been 

prepared for the MPCA by Barr, pursuant to a 2020 grant from the Legislative-Citizen Commission on 

Minnesota Resources. The objectives for this Report and the scope of work followed are summarized in 

this introductory section. 

1.1 Background 

Many studies and technologies investigated to-date have focused on the removal of PFAS from 

environmental media (Jin, Peydayesh, and Mezzenga 2021; Liu and Sun 2021; Berg et al. 2022). These 

often focus on waste streams with high concentrations of PFAS, including waste streams from primary and 

secondary manufacturers that produce or directly use PFAS-containing products and groundwater 

contaminated with aqueous film-forming foam (AFFF). The general management strategy for PFAS 

discharges has been industrial source-zone reduction and pretreatment.  

While industrial sources reflect a significant input of PFAS to the environment, PFAS are also widely used 

in everyday consumer products and present in municipal wastewater, solid waste, and organic waste 

(Thompson et al. 2022; Roy et al. 2018; Hamid, Li, and Grace 2018; Choi et al. 2019). Thus, municipal waste 

streams act as a secondary avenue by which PFAS in consumer and industrial products enter the 

environment. Municipal WRRFs, in conjunction with municipal drinking water treatment and distribution, 

contribute to the recycling of PFAS in groundwater and surface drinking water supplies back into the 

environment.  

Municipal and non-municipal solid and organic wastes are routed to landfills and commercial composting 

facilities, where PFAS in the wastes enter landfill leachate and compost contact water. Municipal WRRFs 

receive these streams along with municipal wastewater and industrial discharges. While these facilities are 

effective barriers for removing nutrients and organic matter, they are not designed or operated to remove 

PFAS, which report to both treated effluent (discharged to surface water) and the solid material removed 

from the wastewater. When these solids are stabilized through additional treatment, they are called 

“biosolids.” Twenty-two percent of biosolids in Minnesota are applied to agricultural land for reuse of 

their nutrient value (from 171 WRRFs), 62% of biosolids are incinerated (from three WRRFs), and 

approximately 16% of biosolids are landfilled (from 27 WRRFs). This cycle is illustrated in Figure 1-1. This 

study targets the removal and destruction of PFAS from four waste streams, as illustrated by green circles. 
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Figure 1-1 PFAS use and disposal and target waste streams in this Report 

1.2 Study Objectives 

The objective of this Report is to provide a conceptual understanding and costs for currently available 

approaches to manage and destroy per- and poly-fluoroalkyl substances (PFAS) down to below current 

analytical reporting limits in four waste streams:  

• Municipal WRRF effluent  

• Municipal WRRF biosolids 

• Mixed MSW landfill leachate  

• Compost contact water (also known as compost leachate) 

Results may be used to inform future PFAS water quality standards and regulatory requirements 

associated with the four waste streams.  

Manage and destroy: PFAS management has increasingly focused on the final fate of PFAS and the 

destruction (mineralization) of these chemicals to avoid potential re-release to the environment. This 

study aims to develop PFAS management strategies that mineralize PFAS to non-fluorinated end 

products. Management options that recycle PFAS to wastewater treatment plants, landfills, or other 

temporary reservoirs were not considered.  

Below analytical reporting limits: PFAS guidelines for human and environmental health are rapidly 

evolving, and toxicity thresholds vary by compound. The MPCA set treatment targets for this study at 

current analytical reporting limits (5 ng/L for aqueous streams or 5 ng/g for biosolids) to reflect the target 

of complete PFAS removal (to the extent it can currently be measured) and destruction from both the 

targeted waste streams and other media that take on PFAS mass during treatment processes. Targeting 
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analytical reporting limits for removal in this Report is aggressive, especially for short-chain PFAS with 

limited regulatory guidance. Many beneficial projects may target the mass removal of total PFAS or long-

chain PFAS instead of a specific target concentration. However, evolving regulations around PFAS risk-

based limits make it challenging to select alternative treatment targets.  

Source-reduction strategies are not included as treatment options because the study evaluates end-of-

pipe treatment options for PFAS. However, source-reduction strategies can potentially decrease source 

loads of PFAS routed to the waste streams under consideration, reducing the need to rely on end-of-pipe 

treatment. Source-reduction strategies may include phasing out PFAS use (Cousins et al. 2019) and 

continued treatment of concentrated point sources. As the cost of removing PFAS from the water phase is 

more related to the volume of water treated than to the mass of PFAS present, removal of PFAS from 

concentrated sources is more cost-effective than downstream treatment of lower-concentration WRRF 

flows. 

The primary focus of the work completed for this Report was to use existing data sources to analyze the 

engineering feasibility and cost of current PFAS separation and destruction strategies to understand the 

management methods that could be employed at full-scale today to address PFAS in the waste streams 

considered. The alternatives evaluation did not include ongoing or future research and development 

activities to address PFAS. However, because PFAS treatment is a relatively new technical issue and a focus 

of significant current research, future treatment alternatives may significantly alter potential methods and 

costs for managing PFAS. A brief summary of ongoing and potential future research opportunities is 

discussed in Section 11.8.  

The intent of this study is not to conduct a full life-cycle analysis of the treatment approaches identified. 

However, each treatment technology includes potential secondary effects (such as greenhouse gas 

emissions) associated with producing, transporting, reactivating, regenerating, and disposing of the 

treatment media and byproducts. These effects, which potentially negatively impact the sustainability of 

PFAS treatment, are discussed briefly in Section 11.4. It is recommended that facilities and sites seeking to 

implement PFAS management alternatives consider these sustainability effects and the full life-cycle 

impact of the technologies under consideration. 

1.3 Use of Report 

The purpose of this study is to provide a conceptual understanding and estimated costs for currently 

available approaches to manage and destroy per- and poly-fluoroalkyl substances (PFAS) in select waste 

streams outlined in this Report. Identification of possible treatment endpoints related to current PFAS 

analytical method detection limits and references to regulatory guidance/values existing at the time this 

study was completed are used to provide reference points and allow for cost calculations but are not 

intended to indicate the need for specific additional actions at specific facilities. That is beyond the scope 

of this study and should involve a wider consideration of each facility’s unique conditions and setting.  

The capital and O&M cost estimates developed for this Report represent the best judgment of the 

experienced and qualified professionals familiar with this project. The estimated capital and O&M costs 

developed for preliminary PFAS management alternatives in this Report are intended to compare 
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alternatives rather than represent estimates for specific projects. These cost estimates should not be 

directly applied in applications with different water or solids quality, operational constraints, or site-

specific conditions. Barr has no control over the cost of labor, materials, equipment, or services furnished 

by others, any contractor’s methods of determining prices, or competitive bidding or market conditions. 

Barr expects that costs for a specific site will vary from the opinions of probable capital and O&M costs for 

preliminary PFAS management alternatives developed for this Report. If managers of specific sites wish 

greater assurance as to probable costs, they should conduct a site-specific feasibility evaluation, including 

pilot testing, to characterize site-specific considerations and needs and to more accurately estimate PFAS 

management costs. 

1.4 Report Structure and Study Scope 

This Report is structured to address each of the four waste streams in separate sections to streamline use 

by readers primarily interested in one or two specific waste streams.  

• Section 6 addresses municipal WRRF effluent.  

• Section 7 addresses municipal WRRF biosolids.  

• Section 8 addresses landfill leachate from mixed MSW landfills. 

• Section 9 addresses compost contact water.  

Key steps in the project and relevant sections for each are discussed below and summarized in Figure 1-2: 

• Selection of currently feasible PFAS separation and destruction technologies: This task 

included reviewing and summarizing relevant peer-reviewed literature and vendor/owner data 

documenting the performance of currently available PFAS treatment and destruction systems 

(Section 3). Technology screening was used to evaluate the ability of individual technologies to 

separate or destroy PFAS. Technologies passing the screening phase were combined with others 

to develop a list of potential “treatment alternatives” for each waste stream.  

• Influent flow and load development for each waste stream: Ranges of typical waste stream 

inflow rates per facility for each type of waste stream were developed to guide cost estimating. 

Typical water quality, biosolids characteristics, and PFAS content were also developed based on 

literature studies and MPCA-provided data (Sections 6.1, 7.1, 8.1, and 9.1). Many PFAS separation 

technologies require pretreatment to limit sorption media or membrane fouling, so pretreatment 

targets were also developed and used as assumed influent characteristics for those technologies. 

Example pretreatment trains with the potential to achieve influent water quality targets upstream 

were also developed (Sections 6.2, 7.2, 8.2, and 9.2); however, pretreatment requirements and 

costs are expected to vary significantly among facilities. 

• Assembly and evaluation of PFAS treatment alternatives: Using currently feasible 

technologies, potentially viable treatment alternatives were assembled for each waste stream. 

These consist of multiple treatment technologies that, when employed together, could result in 
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complete or near-complete destruction of measurable PFAS (Section 4). Using previously 

developed influent flows and loads, assembled treatment alternatives were evaluated based on 

technical feasibility, economic feasibility, and byproducts management (Sections 6.2, 7.2, 8.2, and 

9.2). The highest-ranking alternatives for each waste stream were carried forward to preliminary 

design and costing.  

• PFAS treatment design, costing, and cost curve development: Preliminary designs were 

developed for selected PFAS treatment alternatives based on industry design standards and 

feedback from vendors. Vendor budgetary estimates and previous project costs were then used 

to develop cost curves for the influent flow ranges identified for each waste stream (within a 

margin of +50/-30%) (Sections 6.3, 7.3, 8.3, and 9.3).  

• Evaluation of regional PFAS destruction facility feasibility: The feasibility, costs, and benefits 

of regionalized PFAS-destruction facilities (Section 10) were evaluated. Specific options evaluated 

in detail were a new, high-temperature incineration facility designed to handle sorption media 

from liquid treatment processes and a new pyrolysis facility designed to handle municipal 

wastewater biosolids from nearby WRRFs. Regional facility evaluations included consideration for 

economic viability, secondary impacts (externalities), and permitting and siting considerations. 

 

Figure 1-2 Summary of steps used to develop treatment alternatives and cost analyses 

•Include broad list of separation and destruction technologies

•Screen based on a.) commercial application and b.) PFAS 
separation/destruction efficacy

Screen technologies

•Set influent flow ranges per facility for each media

•Develop influent characteristics and PFAS content for each media

•Develop pretreatment targets, example pretreatment, and cost estimates

Develop influent flows 
and loads

•Develop practical combinations of technologies passing screening

•Include destruction to remove PFAS from the environment

•Develop list of alternatives potentially applicable to specific media

Assemble treatment 
alternatives

•Use subcriteria for technical and economic feasibility and byproducts 
management

•Score each alternative for each subcriteria; weight and sum scores

•Select alternatives for preliminary design and costing steps

Evaluate alternatives for 
each media

•Develop design basis for selected alternatives by media

•Develop Class 5 capital and O&M cost estimates for systems of three sizes; 
synthesize into cost curves

Preliminary design and 
cost curve development

•Develop design basis for two regional facility concepts: one for biosolids 
and one for liquid treatment residuals

•Develop Class 5 capital and O&M cost estimates for one representative 
size

•Conduct cost payback analysis under several operating conditions

Regional facility 
evaluation
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1.5 Definitions 

1.5.1 Waste Streams 

Below are the definitions of the waste streams considered in this report. 

• Municipal wastewater or WRRF effluent: Effluent from either conventional activated sludge 

WRRFs or stabilization pond WRRFs. Conventional activated sludge facilities were assumed to 

include primary treatment with physical screening, sedimentation, and/or floatation, followed by 

secondary treatment with mechanical aeration and clarification. 

• Municipal wastewater or WRRF biosolids: For conventional activated sludge WRRFs, biosolids 

refer to a mixture of wastewater and solid materials separated from the wastewater during 

treatment (including microorganisms grown within the WRRF) and stabilized in an additional 

process, such as anaerobic digestion. For stabilization pond WRRFs, biosolids are the solids that 

accumulate and are naturally digested over time within the stabilization ponds. 

• Mixed MSW landfill leachate: Liquid that drains from solid waste in a landfill, including water 

sourced from precipitation or originating in the landfilled material. Leachate available for 

treatment is assumed to be collected at a central location. 

• Compost contact water: Water that has come into contact with source-separated organic 

material in the tipping area, material in the mixing area, rejects, residuals, or active compost at a 

commercial composting facility. The water originates from precipitation or moisture associated 

with compostable materials. Water originating from curing or finished storage areas at 

composting facilities is considered stormwater and managed separately from compost contact 

water. 

1.5.2 Treatment and Destruction 

Due to the evolving nature of PFAS regulation and treatment, semantics surrounding PFAS management 

can vary by application and location. The following definitions were developed for this study to support 

consistency and clarity: 

• Water treatment or biosolids treatment: Technology or combination of technologies that alter 

the composition of water or biosolids to make it ready for another use. 

• PFAS removal: The process of removing target PFAS from a specific waste stream of interest. This 

term can be applied to both separation and destruction technologies (Figure 1-3). 

o PFAS separation: Treatment technology or process that moves PFAS from one phase, 

waste stream, or media to another but does not destroy PFAS. 

o PFAS destruction: Treatment technology or process that destroys PFAS. For this Report, 

two categories of PFAS destruction were defined, as described below. 
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▪ PFAS transformation or conversion: The processes of transforming or 

converting PFAS to PFAS-reaction byproducts, which typically have a lower 

molecular weight and still include one or more carbon-fluorine bonds. These 

processes often apply to PFAS precursors converted or transformed into terminal 

perfluoroalkyl carboxylates (PFCAs).  

▪ PFAS mineralization: The processes whereby PFAS are mineralized to carbon 

dioxide (CO2), hydrofluoric acid (HF), and water. Defluorination, or the process of 

breaking the C-F bond, is a key step in PFAS mineralization processes because of 

the relatively high energy requirement. This definition is intended to be 

consistent with the United States Environmental Protection Agency’s (U.S. EPA) 

definition of PFAS destruction as provided in the Interim Guidance on the 

Destruction and Disposal of Perfluoroalkyl and Polyfluoroalkyl Substances and 

Materials Containing Perfluoroalkyl and Polyfluoroalkyl Substances (U.S. EPA 

2020). 

 

Figure 1-3 Distinction between PFAS separation and PFAS destruction mechanisms 
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2 PFAS Chemistry and Selection of PFAS Considered 

in this Study 

2.1 PFAS Classes and Chemical Characteristics 

Thousands of individual PFAS have been produced on a commercial scale, with newer chemicals replacing 

older ones as toxicology data and regulations evolve (U.S. EPA 2021a). Scientists are still learning about 

the chemical nature and health impacts of newer classes of PFAS (Evich et al. 2022). PFAS differ from each 

other based on various chemical characteristics, including carbon-chain length, the number of fluorinated 

carbon atoms, the inclusion of various functional groups, and per- versus polyfluorinated carbon chains 

(i.e., in perfluorinated compounds, all carbons are fully fluorinated while in polyfluorinated compounds, 

one or more carbon atom is not fully fluorinated). Major PFAS classifications for non-polymer PFAS are 

summarized below. These classifications are based on information from the Naming Conventions Fact 

Sheet from the Interstate Technology Regulatory Council (ITRC 2020).  

• Perfluoroalkyl acids (PFAAs): This class includes perfluoroalkyl substances that have been most 

extensively studied, including perfluoroalkane carboxylates (PFCAs), such as perfluorooctanoic 

acid (PFOA) and perfluorobutanoic acid (PFBA), and perfluoroalkane sulfonates (PFSAs), such as 

perfluorooctane sulfonic acid (PFOS) and perfluorobutane sulfonic acid (PFBS). 

• Perfluoroalkane sulfonamides (FASAs): This class includes perfluoroalkyl substances used as 

surfactants and in surface protection products. They can also be intermediate environmental 

transformation products. Representative compounds include perfluorooctane sulfonamide 

(PFOSA or FOSA) and N-ethyl perfluorooctane sulfonamide (N-EtFOSA). 

• Fluorotelomer substances: This class includes polyfluorinated substances created via 

fluorotelomerization and used as major raw materials. This class also includes fluorotelomers, 

environmental transformation products and intermediates; they are also potential PFCA 

precursors. Representative compounds include 8:2 fluorotelomer sulfonate (8:2 FTS) and 10:2 

fluorotelomer alcohol (10:2 FTOH).  

• Perfluoroalkane sulfonamido substances (PASFs): This class includes polyfluorinated 

substances used as major raw materials. This class also includes PFAS which are environmental 

transformation intermediates and potential PFSA precursors. The carbon chains of these PFAS are 

perfluorinated (as suggested by the class name); however, they are considered polyfluorinated 

because the head group (defined below) of these PFAS contains carbon atoms bonded to 

hydrogen atoms. Thus, the alkyl carbons are not fully fluorinated. Representative compounds 

include N-ethyl perfluorooctane sulfonamidoethanol (N-EtFOSE) and N-ethyl perfluorooctane 

sulfonamido acetic acid (N-EtFOSAA). 

• Per- and polyfluoroalkyl ether carboxylates: This class includes replacement chemistries for 

legacy C8 compounds, which are used as fluoropolymer processing aids. Two representative 
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examples include ammonium 2,3,3,3-tetrafluoro-2-(heptafluoropropoxy) propanoate (HFPO-DA) 

and ammonium 4,8-dioxa-3H-perfluorononanoate (ADONA). 

Differences in PFAS chemistries dictate how they partition between air, water, and soil/sediment phases as 

well as whether they are amenable to transformation processes. Fluorine characteristics and the strength 

of the carbon-fluorine bond contribute to PFAS being resistant to biodegradation, adsorption, oxidation, 

and other common treatment processes (ITRC 2022). The potential effects of these variable characteristics 

on PFAS media partitioning and behavior during treatment are summarized below.  

• Number of carbons: Long-chain (PFCAs with eight or more carbon atoms or PFSAs with six or 

more carbon atoms) PFAS are easier to remove from the aqueous phase using sorption media 

technologies (i.e., GAC and AIX) than short-chain compounds (e.g., PFOA versus PFBA), due to 

their higher tendency to partition to solid surfaces and hydrophobic phases. Because long-chain 

PFAS tend to partition to solid phases, typically, they are preferentially found in biosolids relative 

to short-chain PFAS. 

• Proportion of fluorinated carbons: The C-F bond is a strong covalent bond and difficult to 

cleave. Thus, many PFAS and associated terminal degradation products are thermally and 

chemically stable. As the proportion of fluorinated carbons increases, PFAS tend to be more 

difficult to completely degrade and more hydrophobic. PFAS with non-fluorinated carbon atoms 

(i.e., polyfluorinated, many of which may be referred to as precursors or intermediates) are 

susceptible to oxidative degradation, forming stable PFAA products. 

• Head (or functional) groups: The head group (also known as the functional group) of PFAS can 

influence their physical and chemical properties. The head group also helps dictate which of the 

PFAS classes defined above apply. Examples of functional groups include carboxylates, sulfonates, 

phosphates, and amines. For treatment with GAC and AIX resin, sulfonates tend to be more 

readily absorbed than carboxylates with comparable chain-lengths. 

• Acid versus base/anionic form: Head groups of PFAS (e.g., carboxylates and sulfonates) can be 

protonated or deprotonated, which can impart either an uncharged form or a charged form 

(typically anionic) to the PFAS, respectively. The anionic form is more soluble in water and less 

likely to volatilize into the air phase than the uncharged, acid form. Based on typical acid 

dissociation constants (i.e., pKa values) for PFAS and typical environmental pH conditions, most 

PFAS exist in the deprotonated, anionic form. Although, whether a PFAS is present in the 

environment in an uncharged or charged form depends on the chemistry of the specific PFAS and 

solution pH (ITRC 2021). For consistency throughout this report, the acid form will be used when 

referencing specific PFAS names (e.g., perfluorooctanoic acid rather than perfluorooctanoate). 

2.2 PFAS Precursors and Transformations 

PFAS precursors include several classes of PFAS, some of which were described in Section 2.1 (e.g., FASAs, 

fluorotelomer substances, PASFs, and polyfluoroalkyl ether acids). These PFAS typically contain non-
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fluorinated alkyl carbons that are amenable to microbial transformation processes, the products of which 

are typically terminal PFAAs.  

Several WRRFs have reported an increase in total PFAS in the effluent compared to influent (Thompson et 

al. 2022; Houtz et al. 2016; Helmer, Reeves, and Cassidy 2022). Helmer et al. (2022) showed that effluent 

PFAS concentrations in 10 WRRFs were as much as 19 times greater than influent concentrations. Thus, 

WRRFs effectively transform polyfluorinated precursors into measurable, terminal degradation products, 

and long-chain PFAS preferentially adsorb to the biosolids during treatment (Helmer, Reeves, and Cassidy 

2022).  

The transformation of precursor or intermediate compounds to stable, measurable PFAS also occurs in 

land application of biosolids. The U.S. EPA Land Application Field Study II in October 2020 showed that on 

day one of land application, the PFAS in biosolids were dominated by intermediates and accounted for 

95% of PFAS mass in the C8 path, as represented in Figure 2-1 (Herrmann et al. 2020). However, the ratio 

was reversed after 371 days of land application, where stable PFAS (i.e., PFOA, perfluoroheptanoate, 

perfluoroheptanoic acid (PFHpA), and perfluorohexanoate, perfluorohexanoic acid (PFHxA)) were 

dominant and accounted for 83% of the PFAS mass in the C8 path. The stable PFAS increased by 10 times 

for PFOA, 17 times for PFHpA, and 21 times for PFHxA over one year of land application. The 

transformation oxidative pathways are shown in Figure 2-1 (Herrmann et al. 2020). 

 

8:2 FTOH is 8:2 fluorotelomer alcohol, 8:2 FTCA is 8:2 fluorotelomer carboxylic acid, 8:2 FTUCA is 8:2 fluorotelomer unsaturated 

carboxylic acid, 7:3 FTCA is 7:3 fluorotelomer carboxylic acid. (Herrmann et al. 2020). 

Figure 2-1  Example PFAS precursor breakdown pathway to perfluoroalkyl end products  

The TOP assay measures the total target PFAS and PFAS formation potential in wastewater and biosolids 

treatment processing. This assay involves oxidative treatment of a sample prior to PFAS measurement so 

that measured PFAS more closely reflect the end products of potential oxidative transformations. The 

influent TOP minus the sum of target PFAS in effluent and biosolids indicates residual target PFAS 

formation potential. In their Phase I Study, the California State Water Resources Control Board required 

PFAS sampling and analysis using the TOP assay for both influent and biosolids. The results presented to 

the Bay Area Clean Water Agencies Board meeting in August 2021 indicated the significant presence of 

PFAS precursors from the results of TOP (Lin, Mendez, and Sutton 2021).  
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Due to the transformation of precursors in wastewater influent to terminal PFAS in wastewater effluent 

and biosolids sources, the total oxidizable precursors (TOP) assay is strongly recommended to serve as a 

quantification method for precursor PFAS and suggested as a future “target” for wastewater and biosolids 

treatment in this study, along with selected measurable PFAS. However, studies reporting complete TOP 

results are limited. As a result, separation and destruction efficiencies for TOP precursors are not well 

defined, and TOP measurements were not included as a specific target in this study. 

2.3 Selection of PFAS Considered for this Study 

Due to the challenges of evaluating a large list of potentially relevant PFAS, target PFAS were selected for 

each waste stream to reflect a range of characteristics. This section presents the selected PFAS and the 

criteria and methodology used for their selection.  

The following criteria were developed by MPCA and used in this Report to select the target PFAS: 

• They are well described in the PFAS treatment literature. 

• They have a diversity of functional groups (sulfonates and carboxylates). 

• They have variable carbon chain lengths (four to eight).  

• It is likely that treatment systems designed to treat these PFAS would also treat the majority of 

other PFAS that may also be present. 

• Preliminary regulatory and/or guidance values have been established.  

With these criteria in mind, Barr and Hazen reviewed the PFAS determined to be relevant to each waste 

stream at this time and either a) mapped them as being similar to an existing target PFAS or b) made it a 

new target PFAS. Table 2-1 lists target PFAS for each waste stream and typical concentrations assumed for 

this study. Appendix A outlines this process, along with chemical data for each of the 40 PFAS in U.S. EPA 

draft Method 1633 (US Environmental Protection Agency 2022). This list of commonly analyzed PFAS is a 

small fraction of the thousands of PFAS in use today, and has limited representation of replacement PFAS 

chemistries, many of which were not analyzed or not detected in available data sets. 

The selected target PFAS include members from each class of PFAS presented in the ITRC guidance (ITRC 

2021), with target PFAS for this study listed in bold: 

• Perfluoroalkyl acids (PFAAs): PFBA, PFBS, PFHxA, PFOA, and PFOS reflect compounds with 

Minnesota Health Risk Limits (HRLs) or Health-Based Values (HBVs) and are included as target 

PFAS for all waste streams. These are sufficient to reflect the diversity in chemical characteristics in 

this class. 

• Perfluoroalkane sulfonamides: PFOSA (perfluorooctanesulfonamide) was selected as a target 

PFAS for biosolids based on observed occurrence and concentrations. 
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• Fluorotelomer substances: 6:2 FTS (6:2 fluorotelomer sulfonate) was selected because it is of 

moderate size, is in the MPCA 2020 guidance (MPCA 2020) and U.S. EPA Method 1633 (U.S. EPA 

2021b) lists, and was relevant to multiple targeted waste streams. 

• Perfluoroalkane sulfonamido substances: N-MeFOSAA (N-methyl perfluorooctanesulfonamido-

acetic acid) was selected for biosolids because it is of moderate size and is in the MPCA 2020 

guidance and U.S. EPA Method 1633 lists. N-EtFOSAA (N-ethyl perfluorooctane 

sulfonamidoacetic acid) was selected as a target PFAS for mixed MSW landfill leachate for similar 

reasons. In addition, more data are available for this parameter in leachate than N-MeFOSAA. 

• Per- and polyfluoroalkyl ether carboxylic acids (replacement chemistries): No PFAS were selected 

from this class because, based on the current datasets available, no representative PFAS were 

detected in most samples reviewed for the four targeted waste streams despite these chemistries 

being increasingly used to replace other PFAS. 

While replacement compounds are in development and active production to replace longer-chain PFAS, 

legacy compounds like PFOA and PFOS remain in widespread environmental circulation because no 

environmental mechanism exists to destroy them (Stoiber, Evans, and Naidenko 2020). Short-chain, 

replacement compounds have been less studied but have similar chemistry and potential human health 

impacts (Nian et al. 2020). As a result, target compounds include both legacy and replacement 

compounds. 
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Table 2-1 Summary of target PFAS and representative concentrations for this study 

 Municipal WRRF 

Effluent[1] 

Mixed MSW Landfill 

Leachate[2] 

Compost Contact 

Water[3] 

Municipal WRRF 

Biosolids[4] 

Basis 

2009/2010 MPCA 

Data 

Helmer et al. (2022) 

Coggan et al. (2019) 

Lang et al. (2017) Wood (2019) 

Venkatesan and 

Halden (2013) 

Helmer et al. (2022) 

Value Type 
Typical 

(ng/L) 

High 

(ng/L) 

Typical 

(ng/L) 

High 

(ng/L) 

Typical 

(ng/L) 

High 

(ng/L) 

Typical 

(ng/g) 

High 

(ng/g) 

PFBA 15 200 950 2,600 450 1,500 2 5 

PFBS 15 50 250 650 10 25 20 40 

PFHxA 30 60 1,500 4,000 500 2,000 5 15 

PFHxS 5 15 350 750 10 100 15 30 

PFOA 40 80 900 1,900 30 100 60 200 

PFOS 5 30 150 300 20 1,500 400 600 

PFOSA <2 <2 NA NA <10 <10 20 70 

6:2 FTS 5 150 150 350 <20 <20 30 --[5] 

N-EtFOSAA ND ND 150 450 <5 <5 30 60 

N-MeFOSAA ND ND NA NA <5 <5 100 200 

Types of PFAS 

that are relevant 

Short-chain PFCAs, 

long-chain legacy 

PFCAs and PFSAs, and 

fluorotelomers 

Short and long-chain 

PFAAs, 

fluorotelomers, and 

precursors 

PFCAs and PFSAs 

associated with 

composted items 

Long-chain PFAAs that 

partition to biosolids, 

precursors 

Other 

characteristics of 

PFAS for each 

waste stream 

Variable and 

reflective of 

consumer and 

industry changes 

Variable and 

dependent on waste 

source, landfill age, 

and landfill type 

High organic content 

and reduced; may 

have metals, other co-

contaminants, and 

nutrients 

High organic and 

nutrient content 

Bold and highlighted grey = target PFAS for each waste stream; ND=not detected, the detection or reporting limit was not 

specified in the referenced datasets; NA=not analyzed in source dataset; PFAA=perfluoroalkyl acids; PFCA=perfluoroalkyl 

carboxylates; PFSA=perfluoroalkane sulfonates 

[1] Data reflect aqueous concentrations in treated effluent from municipal WRRFs. 

[2] Data reflect aqueous concentrations in leachate from mixed MSW landfills.  

[3] Data reflect aqueous concentrations in surface water that have come in contact with waste materials at commercial 

composting facilities. 

[4] Data reflect concentrations in biosolids material as it leaves the municipal WRRF before any off-site processing or storage. 

[5] Based on one data point from one study, so no “high” value developed. 

2.4 Treatment Target Selection 

For this Report, MPCA selected “non-detectable” concentrations of target PFAS as a treatment goal to 

guide the alternative evaluation. This stance of targeting analytical reporting limits is aggressive, especially 

for short-chain PFAS with limited regulatory guidance; many beneficial projects may instead target mass 

removal or percent removal of total PFAS or long-chain PFAS instead of a specific concentration target. 
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However, evolving regulations around PFAS risk-based limits make it challenging to select alternative 

treatment targets. 

Targeting “non-detectable” effluent concentrations may also be moving target over time, as analytical 

methods with the ability to measure lower and lower concentrations are developed. For this study, 

treatment targets were set by MPCA as current analytical reporting limits. MPCA’s document “Guidance 

for Per- and Polyfluoroalkyl Substances: Analytical” is intended for use starting in 2023 (MPCA 2020) and 

includes reporting limit goals of approximately 5 ng/L for aqueous and 5 ng/g for solid matrices. Current 

analytical reporting limits for both aqueous and solids materials are in that range. This study uses 5 ng/L 

and 5 ng/g as treatment targets. While some labs are achieving lower reporting limits, differences 

within approximately one lower order of magnitude would not necessarily affect technology selection for 

this study. 
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3 Selection of Currently Feasible Treatment 

Technologies for PFAS Removal  

This section describes the individual technologies considered for this study and the screening approach 

used to identify currently feasible treatment technologies for PFAS removal. Currently feasible treatment 

technologies are defined here as technologies that have been implemented at scales similar to those 

considered in this study and demonstrated to be effective for PFAS removal and/or destruction (i.e., there 

is a publicly available body of work demonstrating technology effectiveness). 

3.1 Technology Screening Approach 

A comprehensive list of potential treatment technologies for PFAS, considerations for their full-scale 

implementation, and their technology readiness level are in Appendix B. Each technology was screened 

against two threshold criteria, as described below.  

• Demonstrated treatment scale: Technologies passing this screening criterion must have been 

“field-implemented” and commercially available for liquid technologies or implemented at the 

pilot-scale for biosolids. Two different standards were used here for liquid streams and biosolids. 

This is because established technologies have been widely applied at full scale for liquid-phase 

PFAS treatment, while biosolids have only been treated at the demonstration or pilot scale.  

• Demonstrated PFAS removal: Technologies passing this screening criterion must have publicly 

available data demonstrating at least 90% separation or destruction of at least one selected PFAS 

(or removal to below method-reporting limits for that study).  

The ability of each technology to meet the two screening criteria is described and rated in Appendix B. 

The appendix table includes a “yes” or “no” assessment of whether a technology meets each criterion. 

Technologies that were assigned a “yes” for both screening criteria are described in more detail in the 

following subsections. These technologies were carried forward for assembly into a PFAS management 

alternative, as described in Section 4, and further evaluated for inclusion in preliminary design and cost-

estimating efforts. 

The field of PFAS separation and destruction technologies is rapidly evolving. The results of this 

technology screening exercise reflect publicly available information in December 2022. Barr and Hazen 

acknowledge that some of the technologies included on the initial compiled list have demonstrated PFAS 

removal but are not yet commercially available or may become available in the near future. Despite being 

promising, these technologies are outside the scope of this study and, thus, were not carried forward. 

Section 11.7 further discusses technology readiness and the future of PFAS management technologies. 

3.2 Technology Screening Results—PFAS Liquid-Liquid Separation 

The following liquid-liquid PFAS separation technologies passed the threshold screening process and 

were considered currently feasible PFAS management alternatives. These technologies produce two 

separate liquid streams: a treated water stream (large volume with lower concentrations of PFAS than the 



 

 

 

 21  
 

feed water) and a waste stream (small volume with higher concentrations of PFAS than the feed water). 

These technologies are commonly used to concentrate PFAS into a smaller volume of water prior to 

further treatment with other PFAS separation or destruction technologies. These technologies include 

nanofiltration/RO (NF/RO) membrane separation and foam fractionation. 

3.2.1 NF/RO Membrane Separation  

NF/RO membrane separation concentrates PFAS in the feed stream into a lower volume concentrate 

stream by physical separation via high-pressure membranes. NF membranes typically have higher water 

recovery or operate at lower pressures than RO due to larger membrane pore sizes. RO membranes have 

proven more effective at PFAS separation because of their more dense construction and smaller effective 

pore size (Jin, Peydayesh, and Mezzenga 2021). Operation of an NF/RO membrane system typically 

requires, at minimum, pretreatment with micro- or ultrafiltration (MF and UF, respectively) to protect the 

NF/RO membranes from suspended solids fouling. Additional pretreatment may be required depending 

on the specific water quality conditions of the waste stream. MF and UF water recoveries depend on the 

feed water quality and the frequency of backwashes and chemical cleanings but are typically on the order 

of 80–98%. NF/RO recovery depends on the influent concentrations of potentially scale-forming 

parameters, operating conditions, and membrane construction. Recoveries range from 50–80% for 

conventional RO to 90% for high-recovery RO technologies (Crittenden et al. 2012). The waste stream 

generated by membrane systems for PFAS treatment can be as large as 5–30% of the treated flow rate 

(AWWA 2019; NGWA 2017). 

Specialty RO membrane systems also exist that may limit the pretreatment required for liquid waste 

streams with high fouling potential (due to organics and/or mineral concentrations) compared to 

conventional RO. These systems are typically constructed with wider feed spacers than conventional RO, 

which improves the flow distribution of the feed, limits the pressure drop across the membrane in streams 

with high fouling potential, and allows suspended solids to flow between membrane layers more easily 

(Bates, Bartels, and Franks 2008). The wide spacers also allow for more effective chemical cleaning of the 

membranes to remove foulants during routine clean-in-place procedures. Specialty RO membrane 

systems are most applicable for sites with low-to-moderate flow (e.g., landfill leachate). They are not 

expected to be cost-competitive with conventional RO for high-flow systems like WRRF effluent. Common 

approaches for management of wide-spaced RO concentrate are (1) solidification and solids disposal in 

the landfill, (2) reuse as a wetting and compaction agent in the landfill, or (3) deep well injection, none of 

which destroy PFAS as targeted in this study. 

PFAS removal or “rejection” across membranes depends on influent pH (Steinle-Darling and Reinhard 

2008), transmembrane pressure, the characteristics of other ions in solution (Zhao et al. 2013), and the 

concentration, size, and hydrophobicity of each specific PFAS compound (Wang et al. 2018). Higher 

operating pressures and associated recovery typically correlate to higher rejection rates for PFAS because 

they result in increased water flux with limited change in PFAS transfer (Jin, Peydayesh, and Mezzenga 

2021; Bellona et al. 2004; Tang et al. 2007). Demonstrated PFOS separation (membrane rejection) is over 

99% for RO membranes and 90–99% for NF membranes (ITRC 2022). One study found over 93% rejection 

of PFAA as small as PFBA using a cross-flow NF membrane (Appleman et al. 2013), but other studies 
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report much lower rejection rates for short-chain PFOS, down to 20% for PFBS (Wang et al. 2018). While 

data are more limited, specialty wide-spaced RO systems have also demonstrated high rejection of PFAS 

in landfill leachate. PFOS, PFOA, PFHxS, PFHxA, PFBS, and PFBA have all shown >99% rejection based on 

the data available (Stanford 2019). Appendix C compares NF and RO rejection for different PFAS across 

multiple studies. 

The removal of dissolved minerals by RO systems may increase the corrosivity of the treated water (low 

pH, hardness, and alkalinity), and post-treatment mineral addition may be required (ITRC 2018; NGWA 

2017). NF has lower rejection rates for monovalent anions, like chloride or sodium, and thus may require 

less post-treatment than RO (ITRC 2018). Thermal evaporation and crystallization are thermal processes 

that evaporate water, leaving a concentrated solid residual and reducing the concentrated RO/NF brine 

volume. Thermal evaporation and crystallization were not considered in this study for brine management 

due to the potential for PFAS partitioning from the aqueous brine to the vapor or gaseous stream. If PFAS 

do partition to the vapor/gaseous stream, removing PFAS from that stream could require a thermal 

oxidizer. Ultimately, the combination of evaporation/crystallization with thermal oxidation of the gas 

stream resembles direct incineration of the brine, assuming the solid residual would be managed by 

incineration.  

3.2.2 Foam Fractionation  

Foam fractionation is a separation technology that concentrates PFAS from a water phase into a smaller 

volume foam phase using fine air bubbles. This technology takes advantage of the surfactant properties 

of PFAS, enabling PFAS to partition to the surface of rising air bubbles (Smith et al. 2022). The resulting 

foam is collected and collapsed (referred to as the foamate) for further treatment or management off-site 

or, in the future, could be managed by an on-site destruction technique (Buckley et al. 2022). Foam 

fractionation can be an advantageous treatment alternative for PFAS because treatment systems are 

relatively simple and have relatively low capital costs, energy requirements, and operational costs (Buckley 

et al. 2022). In addition, produced foamate volumes are significantly lower than RO/NF concentrate 

volumes with concentration factors up to one million (Burns, Stevenson, and Murphy 2021), much higher 

than RO/NF concentration of approximately two times (50% recovery) to 10 times (90% recovery). 

Conventional aeration basins could potentially be retrofitted as a foam fractionation system (Smith et al. 

2022). 

Commercial foam fractionation systems are typically operated in continuous batches (i.e., batches are 

sequenced and run in parallel). PFAS removal depends on several operational parameters such as contact 

time, air ratio, air flow rate, and foam fraction (Dai et al. 2019; Smith et al. 2022). Removal efficiencies for 

long-chain PFAS are typically greater than 90% (Meng et al. 2018; Robey et al. 2020; Burns et al. 2022). 

Removal of short-chain PFAS is typically 50% or less. For example, PFBA and PFBS tend to have removals 

of less than 10% (Smith et al. 2022). The use of foaming agents, such as cationic surfactants, can improve 

short-chain PFAS removal, but overall removal is still relatively low (Beattie, Salvetti, and Macbeth 2022; 

Vo et al. 2023). Vacuum pumps on the foam collection system may also improve short-chain removal. 

Smith et al. (2022) also observed that mass balances for long-chain PFAS did not close through the foam 
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fractionation system, potentially suggesting that mass is lost as aerosol. Foam fractionation removal 

efficiency for different PFAS is compared across multiple studies in Appendix C. 

Ozone may be used instead of air and may improve separation efficiencies due to a relatively higher 

affinity of the PFAS head group to ozone than air. However, this chemistry is somewhat uncertain (Buckley 

et al. 2022). Ozone may also degrade PFAS precursors into terminal PFCAs. Dai et al. (2019) demonstrated 

up to 80% PFAS removal without ozone and up to 95% PFAS removal when combined with ozone, with 

both having relatively low removal for short-chain PFAS. 

Based on vendor-provided information, current full-scale foam fractionation installations can treat flows 

of 26,000–132,000 gallons per day (gpd) or approximately 20–100 gallons per minute (gpm), including 

one 60 gpm field trial (Burns et al. 2022).  

3.2.3 Comparison of PFAS Liquid Separation Technologies  

NF/RO membrane separation is a well-developed technology deployed across multiple industries and 

able to treat water flow rates from several gallons per minute to several MGD. While foam fractionation is 

an effective technology for PFAS, the size of demonstrated applications is lower, on the order of 20–100 

gpm. It is not currently feasible as a primary separation technology for large municipal WRRFs, but it may 

be feasible for small WRRFs, mixed MSW landfill leachate, and compost contact water installations. Foam 

fractionation is a more specific treatment option for PFAS than NF/RO. It has the potential for lower 

operational costs, fewer pretreatment requirements, and higher recovery of treated water than NF/RO but 

is not very effective at separating short-chain PFAS. In contrast, RO/NF can reject multiple potential 

contaminants of concern providing benefits for potential future contaminants of interest. 

3.3 Technology Screening Results—PFAS Liquid-Solid Separation 

The following liquid-solid PFAS separation technologies passed the threshold screening process and were 

considered currently feasible PFAS management alternatives. These technologies transfer PFAS from 

liquid to solid media producing a treated water stream with low concentrations of PFAS and a solid media 

phase requiring further treatment (destruction, regeneration, or reactivation) or disposal. 

3.3.1 Granular Activated Carbon Adsorption 

GAC adsorption is a separation technology that removes PFAS from the liquid stream through adsorption 

to the solid surface of the GAC media. GAC is one of the most common treatment technologies for 

removing PFAS from water (Darlington, Barth, and McKernan 2018), can be rapidly deployed, and typically 

requires modest operator involvement (NGWA 2017). Virgin bituminous coal-based GACs are typically 

used for PFAS removal due to their higher removal performance. However, enhanced virgin coconut-

based GACs may be applicable in some installations as well as reactivated GAC (see Section 3.3.2). 

PFAS removal occurs via a physical mass transfer process (ITRC 2018) between the non-polar functional 

groups on the GAC and the hydrophobic tail of the PFAS (Darlington, Barth, and McKernan 2018). Due to 

the adsorption mechanism, GAC can remove PFAS to below detection limits until breakthrough occurs. 
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PFAS removal efficiencies can be higher than 99%, with effluent concentrations near or below analytical 

detection limits (AWWA 2019). 

However, GAC does not adsorb all PFAS equally. GAC has higher removal capacities for long-chain PFAS 

and sulfonates than short-chain PFAS and carboxylates (ITRC 2018). Because the GAC media has a finite 

number of adsorption sites, readily sorbed, long-chain PFAS can displace the short-chain PFAS on the 

GAC surface, leading to faster breakthrough times for short-chain carboxylates, such as PFBA. 

While short-chain PFAS have lower GAC loading capacities and faster breakthrough times than long-chain 

PFAS, they can be effectively removed if the GAC media is replaced at higher frequencies. The required 

GAC changeout frequency and associated operational cost depend on the effluent targets, influent PFAS 

concentrations, influent concentrations of other compounds adsorbing to GAC, and the vessel 

configuration. The effluent PFAS concentration is dependent on the empty bed contact time (EBCT) of the 

GAC reactor (commonly between 10 and 20 minutes (AWWA 2019)), how frequently the GAC is replaced, 

influent PFAS concentrations, and the general feed water quality. The difference in duration between the 

time to breakthrough of PFBA and a long-chain PFAS like PFOA varies by water quality and influent 

concentrations but has been observed to be between two and 10 times more rapid for four-carbon PFAS 

than for the most similar eight-carbon PFAS (Westreich et al. 2018; J. Burkhardt et al. 2019; Franke et al. 

2021). This suggests that the frequency of GAC changeout when targeting PFBA rather than PFOA would 

need to occur much more frequently. Bed volumes to the first breakthrough are compared for different 

PFAS across multiple studies in Appendix D. 

The efficacy of PFAS removal by GAC can be inhibited by competitive adsorption (NGWA 2017). High 

concentrations of total organic carbon (TOC) and other hydrophobic compounds (such as volatile organic 

compounds) in the water can compete for GAC adsorption sites, which reduces PFAS adsorption capacity 

and may increase changeout frequency (AWWA 2019; Darlington, Barth, and McKernan 2018). Bench-

scale accelerated column testing or pilot testing using site-specific water is recommended to estimate the 

expected GAC changeout frequency. High concentrations of iron, manganese, or particulates can also foul 

GAC media and cause short-circuiting in the GAC bed (AWWA 2019) or pressure increases that trigger 

GAC replacement. Bacterial growth can also occur in the presence of sufficient nutrients and cause 

pressure increases that trigger backwashing, disinfection, or GAC replacement. 

GAC systems for PFAS are commonly operated as pressure vessels in series, using a lead-lag configuration 

that enables improved treatment efficiency and PFAS breakthrough monitoring PFAS between the lead 

and lag vessels. Vessels are operated in a downflow configuration under pressure, with adsorption 

occurring at the top of the bed and gradually moving down the bed as the adsorption sites on the GAC 

are filled. The area of the GAC bed where active adsorption occurs is known as the mass transfer zone. The 

depth of the mass transfer zone and the rate at which the mass transfer zone travels through the GAC bed 

differs for different PFAS. Typically, the concentrations of PFAS are monitored between the lead and lag 

vessels, and when the mass transfer zones of PFAS reach the bottom of the lead bed, PFAS are detected in 

the effluent of the lead vessel. Once a treatment threshold has been reached, the GAC media in the lead 

vessel is replaced, and the locations of the lead and lag vessels are switched such that the former lag 
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vessel becomes the new lead, and the former lead vessel becomes the new lag. Monitoring frequency 

depends on estimated changeout frequency and PFAS treatment targets. 

Current options for spent media disposal include thermal reactivation, incineration, or landfilling. Thermal 

reactivation and incineration are discussed in more detail in Section 3.4. 

3.3.2 Reactivated Granular Activated Carbon 

Reactivated GAC is GAC that has undergone a thermal reactivation process to restore its sorption capacity 

after being used. The GAC reactivation process and PFAS destruction efficiency are discussed further in 

Section 3.4.2. 

Thermal GAC reactivation occurs at 980°C and differs from thermal GAC regeneration, which is conducted 

at 200°C using either steam or nitrogen gas (DiStefano et al. 2022). GAC regeneration can also be 

completed using a solvent/brine (Siriwardena et al. 2021). These GAC regeneration options remove 

sorbents from the GAC surfaces, but for PFAS destruction, additional treatment would be needed. 

Thermally reactivated GAC can generally be categorized into two types:  

1. General pool reactivated GAC: This is GAC that is pooled from multiple sources after use, 

thermally reactivated, and resold for reuse. The grade and quality of this material can be variable. 

It is not typically used for PFAS treatment, although it can be used as part of the treatment train 

to sorb background organics. 

2. Site-dedicated reactivated GAC: This is GAC that is segregated by site during the reactivation 

process. By segregating the GAC, the grade and quality of the GAC can be better controlled. Time 

to PFAS breakthrough is similar between virgin GAC and site-dedicated, reactivated GAC but 

lower for general pool, reactivated GAC (McNamara et al. 2018; Westreich et al. 2018). Due to the 

size of commercial reactivation facilities, site-dedicated reactivation is limited to facilities that 

produce approximately 80,000 pounds of GAC or more per media changeout event. 

The benefit of thermal reactivation of GAC is that the GAC media can be reused, reducing ongoing 

operational costs associated with a GAC treatment system. Based on vendor-provided information, after 

the initial purchase of GAC media, ongoing GAC replacement costs can be up to 50% lower for 

reactivation and reuse of GAC compared to costs to dispose of spent media and purchase new media for 

single-use GAC. For this study, site-dedicated, reactivated GAC is considered for facilities expected to 

generate 80,000 pounds of GAC or more per media changeout event. General pool reactivated GAC is not 

considered a PFAS separation technology due to the expected rapid PFAS breakthrough. 

3.3.3 Single-Use Anion Exchange Resin 

Single-use AIX resins for PFAS removal are typically positively charged polystyrene beads with tertiary 

amine, quaternary amine, or complex amino functional groups (Boyer, Fang, et al. 2021). AIX resins 

remove PFAS from the liquid stream via two primary mechanisms:  
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• Electrostatic interactions between the negatively charged head groups of PFAS and AIX resin 

cationic functional groups, and  

• Hydrophobic interactions between the fluorinated alkyl chain of PFAS and the AIX resin structural 

polymer backbone (Boyer, Fang, et al. 2021).  

Single-use ion exchange refers to using AIX resin once, then replacing the AIX resin and disposing of it via 

landfill or high-temperature incineration.  

Like GAC, AIX resin is typically applied in lead-lag pressure vessels. AIX can remove many PFAS to below 

detection limits until breakthrough occurs. Also similar to GAC, long-chain PFAS within each PFAS 

subgroup (ITRC 2022) are more readily removed and thus have a longer treatment time or volume of 

water treated before breakthrough occurs. PFAS removal efficiencies with AIX can be upwards of 99% with 

new resin (AWWA 2019) but change as the resin is used and the PFAS sorptive and exchange capacity is 

exhausted. Boyer et al. (2021) summarized bed volumes treated to 10% breakthrough as reported in the 

literature for various water matrices and individual PFAS. Time to breakthrough depended on several 

variables, including the type of AIX resin used, EBCT, initial PFAS concentrations, concentrations of major 

anions (such as sulfate), and concentration of natural organic matter. The kinetics of PFAS uptake by AIX 

resins is typically faster than GAC (ITRC 2022), which results in shorter design EBCTs on the order of two to 

five minutes (AWWA 2019). Generally, the breakthrough of PFSAs with AIX resins occurs after 10,000–

100,000 bed volumes or more, whereas the breakthrough of PFCAs with AIX resins occurs after 1,000–

100,000 bed volumes (Boyer, Fang, et al. 2021). Bed volumes to first breakthrough are compared for 

different PFAS across multiple studies in Appendix D. 

Anions can inhibit AIX media effectiveness; for example, nitrate, sulfate, and perchlorate can compete with 

PFAS for the AIX sites and should be removed from the water before PFAS treatment using AIX (NGWA 

2017). In addition, iron and manganese can foul AIX resin, similar to GAC, and cause short-circuiting 

(AWWA 2019). Organics and minerals can also block pore spaces in the resin. Pretreatment is required for 

waters with these co-contaminants. In particular, removing negatively charged ions can be expensive, 

often requiring targeted ion exchange media or membrane treatment as a pretreatment.  

3.3.4 Regenerable Anion Exchange Resin and Solvent Regeneration 

Regenerable AIX operates the same way as single-use AIX, but once exhausted, the AIX resin is 

regenerated using a brine/solvent mixture and returned to service. The regeneration efficiency depends 

on the specific resin used and the regeneration solution used (Boyer, Fang, et al. 2021). Regeneration 

efficiency can be as high as 90% or more for PFOS and PFOA (Boyer, Fang, et al. 2021). The removal 

capacity of regenerable AIX resin is generally less than single-use AIX resin (ITRC 2022), requiring 

regeneration more frequently than single-use AIX changeout. The lifespan and long-term performance of 

regenerable resin for PFAS management is uncertain because the first publicly known regenerable AIX 

system was installed in 2018 (ITRC 2022). If the resin is not rinsed properly before being put back into 

service, it can cause corrosion issues downstream (ITRC 2018). 
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The benefits of being able to regenerate the resin can offset the costs of purchasing single-use resin, 

especially for larger systems. Based on vendor-provided information, typical costs to regenerate AIX resin 

are $5–$100 per cubic foot of resin (compared to $300–$400 per cubic foot for new resin purchase). 

Regeneration of AIX resin will save on media costs but requires larger vessels than single-use AIX 

(although still smaller than GAC vessels for comparable flows). The typical EBCT for regenerable AIX is 5–6 

minutes, slightly longer than single-use resin, because regenerable AIX resins have approximately one-

third the sorptive capacity of single-use resins. Smaller sites using off-site regeneration will have slightly 

higher transportation costs for the higher media volume required compared to disposal of single-use 

resin (assuming similar travel distances). Some facilities may be large enough and have enough media to 

warrant the additional cost of constructing an on-site AIX resin regeneration facility to reduce long-term 

operating costs. The cost-benefit of off-site versus on-site media regeneration is site-specific.  

Regeneration can be completed on-site or in a regional facility. AIX regeneration involves a solvent brine 

solution that helps desorb PFAS from the resin. This brine can be thermally distilled, with PFAS routed to a 

small volume of still bottoms or loaded onto a small volume of GAC at very long EBCT. Resulting still 

bottoms or GAC can be subjected to destruction using any of the technologies outlined in Section 3.4. 

3.3.5 Modified Clay Adsorption  

Modified clays have a high surface area and small uniform pore size (ITRC 2022). They are typically 

produced from smectite clays treated with quaternary ammonium surfactants (Yan et al. 2020; Jiang et al. 

2022). They remove PFAS using the dual mechanism of adsorption and ion exchange, similar to AIX 

media. Modified clays can be naturally occurring or made with surface modifications that incorporate 

electrostatic and hydrophobic moieties specific to PFAS treatment (ITRC 2022). Modified clay media is 

used in a fixed bed pressure vessel and can be operated in lead-lag arrangement, similar to GAC and AIX 

operations. Once exhausted, the clay media is removed and disposed of through landfilling or high-

temperature incineration.  

Modified clay media have been used to demonstrate removal of PFAS to non-detect concentrations, but 

adsorption performance varies by clay media type and surface treatments (Pannu and Plumlee 2021). 

Modified clay adsorption treatment has been used to treat groundwater AFFF contamination in pump-

and-treat systems. A study using modified clays to remove AFFF from groundwater found PFAS removal 

efficiencies of 95–99% (Yan et al. 2020). Modified clay absorbents have also been used for landfill 

leachate, groundwater, stormwater, and drinking water treatment (Goldenberg 2022). Modified clay media 

have demonstrated longer bed life than GAC for short-chain PFAS, which are typically enriched in landfill 

leachate (Donovan 2022). In the Orange County Water District pilot test, a modified clay adsorbent had 

the longest life of any of the sorption media tested, which also included GAC and AIX (Pannu and Plumlee 

2021).  

Salts can precipitate on the clay media and effectively blind it from the PFAS. Based on vendor-provided 

information, modified clay media can foul with concentrations of salts above 5,000 mg/L TDS but will 

continue to remove PFAS until concentrations reach 16,000 mg/L TDS. Laboratory studies have shown 

high PFAS removals with TOC concentrations of up to 1,300 mg/L (Goldenberg 2022), suggesting PFAS 

removal by modified clay is less subject to competition with background organic material than removal by 
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AIX or GAC. However, modified clays are still a filtration media in a pressure vessel. They are expected to 

have similar pretreatment requirements for solids and metal foulants to prevent increased operating 

pressure due to pore space blockage. 

3.3.6 Comparison of PFAS Phase Separation Technologies for Liquid Streams 

Each of the five sorption media passing the technology screening effectively removes PFAS from liquid 

waste streams. Sorption media should be selected based on influent water quality, pretreatment 

requirement, short-chain PFAS removal needs, treatment goals, and cost. GAC and AIX are both widely 

used for PFAS removal, and modified clay has been applied to a lesser degree. GAC is often used instead 

of AIX because less pretreatment is required. With the information available, modified clay media requires 

even less pretreatment than GAC. GAC is not very effective for short-chain carboxylic acid PFAS such as 

PFBA and requires frequent changeout to remove them consistently. AIX is sometimes selected due to its 

higher sorption capacity, especially for shorter PFAS, so AIX systems are expected to have a lower media 

use rate than GAC systems. The limited data for modified clay applications suggests that their sorption 

capacity is more similar to AIX than GAC. Generally, on a per unit volume basis, AIX resin is more 

expensive than modified clay, and modified clay is more expensive than GAC media.  

Regenerable AIX is typically selected over single-use AIX when PFAS concentrations and predicted 

changeout frequencies are high. Regenerable AIX has a lower sorption capacity than single-pass AIX but 

can be regenerated on-site at a specialized regeneration facility and reused, which reduces the cost of 

operation compared to single use AIX resins (Bolea 2022).  

Reactivated GAC is typically selected over GAC when a large volume of GAC is required, making it possible 

to maintain dedicated, site-specific regeneration. Using current vendors, a site would need approximately 

80,000 pounds of GAC in circulation for dedicated reactivation, which correlates to a WRRF over 1 MGD in 

size based on conceptual equipment sizing and estimated changeout frequency. 

3.4 Technology Screening Results—PFAS Destruction 

The technologies described in this section are intended to mineralize PFAS to non-fluorinated products, 

requiring the breakage of carbon-fluorine bonds. These technologies rely on high temperature or a 

combination of high temperature and pressure to mineralize PFAS. They include thermal reactivation of 

GAC, high-temperature incineration (also known as hazardous waste incineration), SCWO, pyrolysis with 

thermal oxidation, and gasification with thermal oxidation.  

The first two listed, as well as thermal oxidation, were detailed as potential thermal treatment options in 

the U.S. EPA’s Interim Guidance on Destroying and Disposing of Certain PFAS and PFAS-Containing 

Materials (U.S. EPA 2020). SCWO, pyrolysis, and gasification are less developed but were in this study as 

the most developed biosolids management options capable of achieving near-complete PFAS destruction.  

Regulatory and scientific information on the efficacy of PFAS destruction in high-temperature incinerators 

and other thermal, non-hazardous waste combustors remains uncertain. Areas of uncertainty include the 

potential formation of products of incomplete combustion (PICs); unknown occurrence of PFAS or PICs in 
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emission control devices; lack of standardized methods to monitor potential gaseous PFAS emissions, 

especially for less common PFAS; and variability in destruction efficiency due to different incinerator 

designs, waste feed approaches, and operational conditions (temperatures, residence times, and 

turbulence) (U.S. EPA 2020).  

The U.S. EPA recently evaluated the efficacy and technology readiness of non-combustion-based 

technologies potentially capable of mineralizing PFAS associated with spent GAC and AIX media, soils, 

biosolids, AFFF, and landfill leachate (Berg et al. 2022). This study identified limited technological 

readiness outside of high-temperature incineration, except potentially for applying SCWO for AFFF 

destruction and pyrolysis for biosolids treatment (Berg et al. 2022). Limited data are currently available to 

assess the applicability of PFAS destruction technologies for the waste streams considered, largely due to 

the areas of uncertainty identified above. 

Furthermore, on April 26, 2022, the U.S. Department of Defense (U.S. DOD) issued a temporary prohibition 

on the incineration of U.S. DOD PFAS waste streams, including AFFF and water treatment media. Some 

states, including Illinois and New York, have also placed a moratorium on the incineration of PFAS-

containing waste streams. 

3.4.1 High-Temperature Incineration (retained for disposal of Sorption Media 

and Concentrates) 

Incineration is combustion in the presence of excess air. Two common incinerators are sewage sludge 

incinerators (SSIs) and hazardous waste incinerators (HWIs). To achieve thermal decomposition and 

destruction of PFAS exceeding 99.9%, temperatures exceeding at least approximately 500–700°C are 

required (Xiao et al. 2020). These temperatures are above the typical operational range of SSIs (L. J. 

Winchell et al. 2021a). PFAS incineration at lower temperatures might be possible with longer residence 

time, mixing, and favorable stoichiometry, but much work is still needed to understand the conditions for 

complete combustion (Lewis 2008; Niessen 2002; L. J. Winchell et al. 2021a). 

In contrast to SSIs, HWIs are typically operated at higher temperatures (650–1,650°C) and longer solids 

residence times (0.5–1.5 hours) (U.S. EPA 2020). Currently, approximately 10 HWI facilities are operating in 

the United States (U.S. EPA 2020). HWIs typically accept solid or liquid wastes and consist of a rotary kiln 

with an afterburner for further gas phase thermal destruction, along with ancillary equipment for air 

pollution control, influent gas conditioning, ash treatment, scrubber blowdown, management, and boilers. 

Afterburners are typically operated at 1,100–1,370°C with a gas phase residence time of one to three 

seconds (U.S. EPA 2020). Afterburners at this temperature can control PFAS at an efficiency greater than 

99% (Barranco, Caprio, and Hay 2020).  

Commercial incineration of sorption media, such as GAC and AIX, is a common practice, though limited 

research has been published on its performance. Available research suggests efficient thermal 

decomposition of many target PFAS sorbed to GAC (Xiao et al. 2020). Additional research is needed to 

verify PFAS destruction and evaluate the formation of PICs, including other PFAS not commonly measured 

(U.S. EPA 2020).  
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3.4.2 Thermal Reactivation of Granular Activated Carbon (retained for disposal 

of Sorption Media) 

PFAS can be desorbed from GAC and destroyed using thermal GAC reactivation. The process restores 

most of the sorptive capacity of the media. The process of thermal GAC reactivation includes: 

• Exposing GAC to temperatures up to 980°C in a multiple hearth furnace or rotary kiln furnace 

under low oxygen conditions. PFAS and other sorbents are volatilized and partially destroyed in 

the furnace. 

• Volatilized PFAS and other sorbents not completely combusted in the furnace are drawn into an 

abatement system consisting of a thermal oxidizer (afterburner), a scrubber, and a baghouse.  

PFAS separation during GAC reactivation is PFAS- and temperature-specific. Decomposition of 80–100% 

of PFCAs and PFSAs occurs at 500°C, and up to 80–100% defluorination of both PFCAs and PFSAs has 

been observed at 1,000°C (Sonmez Baghirzade et al. 2021). One test evaluating PFAS sorbed to GAC 

before and after thermal reactivation found that of 21 PFAS detected on the spent media, all PFAS, except 

for PFDA, were below analytical detection limits (0.5–2.9 ng PFAS/g GAC) after reactivation (DiStefano et 

al. 2022). In the stack emissions, 23 of 36 target PFAS were detected. On a mass-basis, a 99.99% removal 

efficiency was observed between the mass of PFAS entering the reactivation furnace and the mass of PFAS 

leaving through the stack emissions (DiStefano et al. 2022). The performance of reactivated GAC for 

removal of PFAS via adsorption was previously described in Section 3.3.2. 

3.4.3 Supercritical Water Oxidation (retained for disposal of Biosolids) 

Any material containing water subjected simultaneously to high temperature and pressure (374°C and 

pressure of 250 bar, respectively) will reach the supercritical state for water, where most organic material 

dissolves. Organic material is then oxidized through the addition of air, resulting in byproducts of CO2, 

minerals, water, and energy (if the feedstock supports it). This process can be economical for the disposal 

of biosolids, sorption media, or any organic waste (e.g., AFFF), but fuel costs make direct SCWO of dilute 

liquid waste streams impractical. SCWO has been successfully implemented commercially for hazardous 

materials and is currently undergoing demonstration pilots for PFAS-specific applications (Krause et al. 

2022). Figure 3-1 shows an example process flow diagram of an SCWO system.  
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Figure 3-1 Example SCWO process flow diagram 

PFAS removal and transformation in SCWO reactors depend on the design and operational parameters 

such as batch or continuous flow, excess oxygen, and reaction time. Research to date has established the 

successful destruction of PFAS using SCWO. For example, in one study, the destruction of up to 70% PFOS 

was observed in a batch reactor (Pinkard et al. 2021), but the same group saw 99.999% PFOS destruction 

in a continuous reactor (J. Li et al. 2023). In another study, 99% or greater destruction of PFOS and PFOA 

was observed using diluted AFFF samples (initial concentrations on the order of mg/L to final 

concentrations on the order of µg/L) (Krause et al. 2022).  

Based on vendor-provided feedback, SCWO can be operated as a self-sustaining reaction with a minimum 

influent energy content of 2–3 MJ/kg (1,000 BTU/lb) and can produce electricity with some feedstocks, 

including biosolids and possibly GAC or AIX media slurries. This minimum self-sustaining energy 

requirement translates to approximately 100,000 mg/L of chemical oxygen demand (COD) in water phase 

wastes. Feedstocks with lower energy content would require a co-fuel, such as diesel or isopropanol, 

which quickly makes the treatment of many water streams uneconomical.  

3.4.4 Pyrolysis with Thermal Oxidation (retained for disposal of Biosolids) 

Pyrolysis is the thermo-chemical decomposition of organic matter at high temperatures without oxygen. 

Pyrolysis of biosolids is achieved by heating the material to 500–800°C in a reactor purged with nitrogen 

gas to remove oxygen. The biosolids are the fuel for the thermal decomposition reaction and must be 

dewatered to contain less than 25% moisture before pyrolysis. During pyrolysis, the solid molecules 

vibrate rapidly and break apart into lighter volatile molecules and fixed carbon, producing pyrogas, tars, 

oils, and biochar (Paz-Ferreiro et al. 2018). Figure 3-2 shows an example flow diagram for a pyrolysis unit. 
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Figure 3-2 Example pyrolysis process flow diagram  

The exhaust gas from pyrolysis (pyrogas) will contain high concentrations of PFAS. Current pyrolysis 

systems direct primary pyrolysis byproducts, including oil, tar, pyrogas, and exhaust gas, from the thermal 

dryer to a thermal oxidation unit for PFAS destruction. Natural gas burners supply additional heat to the 

thermal oxidation unit to raise the gas temperature to more than 1,100°C. Temperatures greater than 

1,100°C are required for the defluorination of PFAS.  

A portion of the hot exhaust gas is returned to the thermal drying process and to the pyrolysis reactor to 

recover heat and maintain treatment temperatures. The remaining exhaust gas passes through an exhaust 

gas scrubber before being released into the atmosphere. A typical thermal oxidizer is depicted in 

Figure 3-3. 
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Figure 3-3 Example thermal oxidizer process flow diagram 

Thermal oxidation of the gas destroys the PFAS at an efficiency greater than 99% at 1,100°C (Barranco, 

Caprio, and Hay 2020; Focus Environmental Inc. 2020). A recent pilot study evaluated pyrolysis and 

subsequent thermal oxidation of pyrogas for the destruction of 41 PFAS and found removal efficiencies 

between >81.3% and >99.9% (Thoma et al. 2022). However, additional studies are required to determine 

the PFAS concentration in any solid residuals from high-temperature oxidation of the tars and oils. 

Research is ongoing to understand all potential opportunities to use biochar material. Use as a soil 

amendment, coal substitute in power plants, filtration media, and industrial additive are known 

opportunities. The biochar may be landfilled if no outlets are identified within a reasonable hauling 

distance. 

3.4.5 Gasification with Thermal Oxidation (retained for disposal of Biosolids) 

Gasification is a thermochemical process where pre-dried (<75% moisture) biosolids are heated in a 

reactor, typically from 675ºC to 815ºC. In gasification systems, a controlled amount of air, oxygen, or 

steam is added to the reactor to make it an “oxygen-starved,” reducing environment, with oxygen levels 

near 30% of those required for complete oxidation. The gasifier produces PFAS-laden syngas and low-

carbon biochar. The temperature conditions and processing time of the biosolids can be controlled to 

maximize the caloric (heating) value of the syngas. The syngas is then fully oxidized in a separate chamber 

with excess air for complete combustion (thermal oxidation). Figure 3-4 depicts an example process flow 

diagram for a gasification system. 
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Figure 3-4 Example gasification process flow diagram  

Gasification is anticipated to effectively destroy many, but not all, PFAS. Some research indicated limited 

removal from gasification alone, but 99.9% of the sum of analyzed PFAS was removed between the feed 

and the resulting char when coupled with thermal oxidation (Davis 2020). Results provided by vendors of 

full-scale systems showed PFAS removal from waste streams and air phases with the coupled processes. 

Thermal oxidation is described in more detail in the pyrolysis with the thermal oxidation section, 

Section 3.4.4. 
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4 Assembly of Currently Feasible Management 

Alternatives for PFAS Removal  

PFAS management alternatives in this study were compiled from currently feasible treatment technologies 

identified as effective and scalable when this Report was written (see technology screening described in 

Section 3). Compiled alternatives were developed using process understanding and previous project 

experience with the goal of including a range of options likely to perform well in the detailed alternative 

screening evaluation. In assembling currently feasible PFAS management alternatives, this study included 

final PFAS destruction options in each alternative. These alternatives are meant to address comprehensive 

PFAS management at specific facilities. Consideration of regional solutions is included later in Section 10. 

4.1 Liquid Waste Streams (Municipal WRRF Effluent, Mixed MSW 

Landfill Leachate, and Compost Contact Water) 

Assembled liquid management alternatives were evaluated for relevance to each liquid waste stream 

(municipal WRRF effluent, mixed MSW landfill leachate, and compost contact water), as described below. 

Four to 12 management alternatives were considered and screened for the three liquid waste streams, as 

summarized in Table 4-1 and further described below. 

Technologies selected for municipal WRRF effluent needed to be demonstrated at a similar scale to be 

considered.  

• Foam fractionation has not been applied at the 0.1–10 MGD scale assumed here for municipal 

WRRF effluent, so those alternatives were not considered.  

• Modified clay media, specialty wide-spaced RO, and SCWO have also not been applied at a scale 

relevant to primary treatment without preconcentration using RO but were included in 

alternatives where those technologies are applied to RO concentrate. 

• Alternatives with RO as a pre-concentration step were included (see options with a “b”). This 

lowers the required size of downstream treatment processes. An added benefit of using RO pre-

concentration before GAC adsorption of RO concentrate is a lower GAC media usage rate. This is 

related to a higher mass of PFAS sorbed per mass of GAC media when fed with higher PFAS 

concentrations (Franke et al. 2019).  

Alternatives selection for mixed MSW landfill leachate needed to be suitable for use in liquids with high 

organics and salt content, even after pretreatment (refer to Section 6.5 for more information).  

• Alternatives, including single-use and regenerable AIX, were not evaluated; these are expected to 

incur significant fouling from salt and organic concentrations expected in mixed MSW landfill 

leachate.  

• Specialty wide-spaced RO has been used to treat landfill leachate and has demonstrated high 

rejection of PFAS with lower pretreatment requirements than conventional RO. However, this 
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technology was not incorporated into alternatives because concentrated brine would still require 

PFAS destruction to meet the goals of this study. RO concentrate water requires additional 

treatment to remove organics and total suspended solids (TSS) before other separation 

technologies (GAC and modified clay), so it is not expected to provide an advantage over 

conventional RO. 

For compost contact water, the water flow rate was expected to be low, and the overall treatment 

system complexity will need to align with the ability of the composting facility to construct, operate, and 

maintain a PFAS water treatment system.  

• Alternatives with an RO concentration step (using either conventional RO or specialty wide-

spaced RO) were not considered for compost contact water treatment because they were 

considered too operationally complex for implementation at a compost site.  

• Due to the high salt and organic content and potential resin fouling, single-use and regenerable 

AIX were also not considered for compost contact water.  
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Table 4-1 Summary of liquid phase PFAS management alternatives  
 

PFAS Management Alternative 

(assembled from technologies passing threshold screening and 

described in Section 3) 
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1a GAC, high-temperature incineration X X X 

1b RO, GAC, high-temperature incineration X X  

2a Single-use AIX, high-temperature incineration X   

2b RO, single-use AIX, high-temperature incineration X   

3a Regenerable AIX, AIX regeneration, GAC, high-temperature incineration X   

3b RO, regenerable AIX, AIX regeneration, GAC, high-temperature incineration X   

4a Regenerable AIX, AIX regeneration, SCWO X   

4b RO, regenerable AIX, AIX regeneration, SCWO X   

5a Modified clay media, high-temperature incineration  X X 

5b RO, modified clay media, high-temperature incineration X X  

6a GAC, single-use AIX, high-temperature incineration X   

6b RO, GAC, single-use AIX, high-temperature incineration X   

7b RO, SCWO[1] X X  

8a Foam fractionation, high-temperature incineration  X X 

8b Foam fractionation, SCWO  X X 

[1] This alternative is labeled as a “b” option to match with other options, including RO. There is no alternative 7a evaluated 

because SCWO is likely not economically viable for direct liquid treatment at these scales due to high co-fuel requirements.  
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4.2 Biosolids 

Based on the technology screening, three PFAS management alternatives were identified for municipal 

WRRF biosolids. Biosolids treatment technologies for PFAS that passed the initial technology screening 

destroy PFAS as part of the normal operation of the technology. The same process that pyrolyzes or 

oxidizes the biosolids acts simultaneously to destroy the PFAS compounds. Table 4-2 includes a summary 

description of the PFAS management alternatives assembled for treating biosolids. 

Table 4-2 Summary of PFAS management alternatives for biosolids 

 
PFAS Management 

Alternative 
Benefit 

1 
Pyrolysis, thermal oxidation of 

pyrogas 

Produces more biochar, which may be used in a granular media 

application. Can reuse energy from thermal treatment for thermal drying. 

2 
Gasification, thermal oxidation 

of syngas 

Produces less biochar, leaving less post-processing material to manage. 

Can reuse energy from thermal treatment for thermal drying. 

3 SCWO 

Flexibility to process biosolids with higher water content than pyrolysis 

or gasification; requires less pre-processing. Can be energy-producing if 

feed streams have high heating value. 
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5 PFAS Management Alternatives Evaluation and 

Cost Curve Methods 

5.1 Goals and Approach to Alternative Evaluation Criteria 

Development and Weighting 

The combined PFAS management alternatives identified in Section 4 were scored using a detailed 

screening matrix of criteria and sub-criteria outlined in Section 5.1.1. Criteria and sub-criteria were 

assigned numeric weights to reflect their relative importance to each waste stream. The numeric weights 

were multiplied by the individual scores, and the resulting values for all criteria were summed for each 

alternative. Higher overall scores correspond to more viable alternatives. 

The influent water or biosolids quality and other project assumptions considered for each waste stream 

are described in Sections 6.1, 7.1, 8.1, and 9.1. 

5.1.1 Technical Feasibility 

5.1.1.1 PFAS Separation Efficiency (Ability to Meet 5 ng/L or 5 ng/g) 

This screening criterion was intended to evaluate each alternative by the ability to meet the PFAS targets 

in any residual liquid that would subsequently be discharged to the environment, sanitary sewer, or 

reused (treated water). The ability of an alternative to separate PFAS was based on the potential to 

achieve the treated water quality targets provided by the MPCA based on published results from similar 

applications. Alternatives that received the highest scores have PFAS concentrations in treated liquid 

streams below 5 ng/L for liquids and 5 ng/g for biosolids for all target PFAS listed in Table 2-1. Treated 

liquid streams comprise sorption media vessel effluent for alternatives using media sorption, blended RO 

permeate and media vessel effluent for alternatives using both, and RO permeate for alternatives where 

RO is the only separation technology. 

• Scores correspond with the following separation abilities:  

o 1 - <= Treated water <5 ng/L for one or two target PFAS 

o 2 - <= Treated water <5 ng/L for over half of target PFAS 

o 3 - <= Treated water <5 ng/L for all target PFAS 

While some technologies report a percent separation or percent destruction, others evaluated in this 

study separate or destroy nearly all PFAS present—at least for a defined operating period. For example, 

GAC adsorption can achieve near-complete separation of PFAS until sorption media is saturated or 

sorption kinetics results in desorption of previously sorbed PFAS. As another example, pyrolysis of 

biosolids coupled with thermal oxidation achieves near-complete destruction of PFAS. 

For media-based separation, scoring considered treated effluent assuming consistent changeout 

frequency and equipment sizing for typical hydraulic loading rates and empty-bed contact times (e.g., 10–
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20 minutes per bed for GAC, 2–10 minutes per bed for modified clay media, and 2–6 minutes per bed for 

AIX resin). This was intended to capture differences in breakthrough periods and sorption media use rates 

for different media types. This criterion is not applicable to biosolids. 

5.1.1.2 PFAS Destruction Efficiency 

This screening criterion was intended to evaluate the PFAS destruction efficiency of each alternative. The 

ability of an alternative to destroy PFAS was based on the reported removal of target PFAS provided by 

the MPCA. Alternatives that received the highest scores have demonstrated PFAS mineralization across 

the process for target PFAS. All destruction technologies that passed the threshold screening can 

potentially create additional PFAS as byproducts, with more information needed on total organic fluorine 

mass balances. Thus, the scoring for this criterion was differentiated by measured removal of target PFAS 

only. 

• Scores correspond with the following destruction abilities:  

o 1 - >= 90% reported removal of target PFAS  

o 2 - >= 99% reported removal of target PFAS  

o 3 - >= 99.9% reported removal of target PFAS  

5.1.1.3 Degree of Commercialization  

Alternatives that include PFAS separation and destruction technologies with a range of commercialization 

were evaluated using multiple feasible configurations. Alternatives containing technologies with a higher 

composite degree of commercialization were ranked higher for this criterion. 

• Scores correspond with the following degrees of commercialization for the primary separation or 

destruction technology for liquid waste streams:  

o 1 - Commercial application of the primary separation and destruction technology in one 

industry each 

o 2 - Commercial application of the primary separation and destruction technology in two-

to-three industries each 

o 3 - Commercial application of the primary separation or destruction technology in more 

than three industries each, including municipal wastewater treatment and/or landfill 

leachate treatment  

• Scores correspond with the following degrees of commercialization for biosolids technologies:  

o 1 - Pilot study of the destruction technology for biosolids 

o 2 – Two commercial applications of the destruction technology for non-biosolids 

applications with a pilot study in progress or completed for biosolids  
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o 3 – Three or more commercial applications of the destruction technology for biosolids 

5.1.1.4 Reliability of Performance  

Reliability of performance applies to the overall ability of a PFAS management alternative to produce 

treated effluent or biosolids that consistently meet the PFAS treatment targets given variable influent 

liquid or biosolids quality, variable flows or loading rates, or variable environmental conditions. 

• Scores correspond with the following qualitative level of performance reliability for the alternative 

as a whole:  

o 1 - Reliability may be inconsistent or unknown 

o 2 – Intermediate reliability 

o 3 - Most reliable 

5.1.1.5 Simplicity of Operation and Maintenance  

The relative simplicity of operation and maintenance requirements for each alternative was evaluated 

based on the number of process steps, pre- and post-primary separation or destruction technology 

requirements, level of operator attention required, level of operator certification/training required, and the 

anticipated number of operational changes required under normal operating conditions.  

• Scores correspond with the following level of complexity for the alternative as a whole:  

o 1 - Most complex 

o 2 - Average complexity 

o 3 - Most simple  

5.1.1.6 Operator and Public Health 

The operator and public health criterion refers to known health risks to the individual operators and the 

general public associated with the operation of each alternative. This includes direct and indirect exposure 

risks attributable to PFAS and other potentially harmful substances. It also includes more general safety 

risks associated with equipment operation and effluent and byproducts management.  

• Scores correspond with the following level of complexity for the alternative as a whole:  

o 1 - Moderate additional health risk 

o 2 - Some additional health risk 

o 3 - Limited additional health risk  
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5.1.2 Economic Feasibility 

Five unique economic criteria were used to compare the anticipated costs of each alternative based on 

available information from existing applications and technology vendors. Economic feasibility criteria 

included the following.  

5.1.2.1 Relative Capital Costs 

Under this criterion, lower rankings were given to the most expensive alternatives and higher rankings to 

relatively low-cost alternatives. Alternatives incorporating fewer unit processes and less mechanical 

equipment generally had lower capital costs. Capital cost screening was based on relative costs within the 

four specific waste streams targeted in this study.  

• Scores correspond with the following for the alternative as a whole:  

o 1 - High relative capital cost  

o 2 - Average relative capital cost 

o 3 - Low relative capital cost  

5.1.2.2 Relative Operation and Maintenance Costs (Not Including Energy Costs) 

O&M costs include labor, parts and maintenance, chemicals for operations and cleaning processes, 

consumables, and byproducts management. Energy usage (power) was considered separately from other 

O&M costs. Lower rankings were given to the alternatives with the highest relative O&M 

requirements/costs and higher rankings to relatively low O&M demand alternatives. O&M cost screening 

was based on relative costs within the four specific waste streams targeted in this study.  

• Scores correspond with the following for the alternative as a whole:  

o 1 - High relative O&M cost  

o 2 - Average relative O&M cost 

o 3 - Low relative O&M cost  

5.1.2.3 Relative Energy Consumption 

Under this criterion, lower rankings were given to the alternatives with the highest energy consumption 

and higher rankings to relatively low-energy demand alternatives. Alternatives incorporating unit 

processes with high-temperature requirements for PFAS destruction had the highest energy consumption.  

• Scores correspond with the following for the alternative as a whole:  

o 1 - High relative energy consumption  

o 2 - Average relative energy consumption 
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o 3 - Low relative energy consumption  

5.1.2.4 Relative Complexity and Cost of Pretreatment 

Under this criterion, lower rankings were given to the alternatives requiring pretreatment ahead of PFAS 

treatment. This includes alternatives with sorption media and RO membrane separation technologies. 

Liquid waste stream alternatives that use foam fractionation were not expected to require pretreatment 

beyond a simple particulate filter, thus simplifying implementation.  

• Scores correspond with the following for the alternative as a whole:  

o 1 - High relative pretreatment complexity 

o 2 - Average relative pretreatment complexity 

o 3 - Low relative pretreatment complexity 

5.1.2.5 Relative Energy Recovery from Biosolids Alternatives 

The thermal technologies used to desorb and destroy PFAS from biosolids can recover energy from the 

heat remaining in the process after meeting the energy demand of the process itself. Heat energy can be 

used to supplement building or process heating systems or to generate electric power. This criterion is 

separated from energy consumption in this evaluation because energy recovery can potentially affect the 

favorability of some alternatives. Under this criterion, the lowest rankings were given to the alternatives 

with no recoverable energy. Alternatives that incorporated unit processes with ample recoverable energy 

were scored the highest.  

• Scores correspond with the following for the alternative as a whole:  

o 1 - No recoverable energy from biosolids process 

o 2 - Low relative recoverable energy from biosolids process  

o 3 - High relative recoverable energy from biosolids process 

5.1.2.6 Applicability at Scale 

This criterion refers to the scale at which alternatives have been implemented in field and full-scale 

applications, as well as considerations for the commercial availability of equipment and supplies. It also 

considers economies of scale at the design basis sizing for each waste stream. While primary separation or 

destruction technologies may be commercialized, these applications may be at a scale much smaller than 

required for a specific waste stream in this study.  

• Scores correspond with the following for the alternative as a whole:  

o 1 – Minimal commercial application at a relevant scale (0–2 applications) 

o 2 – Limited commercial application at a relevant scale (2–10 applications) 
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o 3 – Significant commercial application at a relevant scale (>10 applications) 

Other considerations that affect applicability at different scales include the availability of sorption media, 

chemicals, and other materials needed for treatment. These were not considered in this evaluation.  

5.1.3 Byproducts Management 

Byproducts include treated water (post-primary separation or destruction), spent sorption media, waste 

streams, combustion-related solids/ash, etc. Consideration of byproducts management is divided into two 

criteria to evaluate the potential for byproduct reuse after PFAS have been removed or destroyed as well 

as the potential for air emissions of PFAS or other air pollutants not currently measured. 

5.1.3.1 Beneficial Reuse Opportunity for Water or Byproducts 

This criterion applies to the potential use of PFAS separation and destruction byproducts, such as water 

reuse instead of discharge and GAC reactivation. Beneficial reuse of treated water or solid byproducts may 

offset PFAS separation and destruction costs, though this is site-specific. In addition, high-quality treated 

water could be used for irrigation, industrial reuse, and indirect potable reuse applications, potentially 

offsetting water treatment costs in the region.  

• Scores correspond with the following for the alternative as a whole:  

o 1 – No beneficial reuse of water or solid byproducts 

o 2 – Potential beneficial reuse of water or solid byproducts  

o 3 – Established beneficial reuse of water or solid byproducts  

5.1.3.2 Potential for Media Shifting of PFAS Pollutants 

The potential for media shifting of PFAS refers to the composition and disposition of residual materials 

and how likely remaining PFAS are to partition into another phase (pathways such as air, ash, etc.) during 

management, reuse, destruction, or disposal. Significant uncertainty remains regarding the loss of PFAS, 

including compounds not included in current analytical methods that could be volatilized or formed 

during existing and developing thermal destruction processes.  

• Scores regarding qualitative byproduct transformation potential correspond with the following for 

the alternative as a whole:  

o 1 – High media shifting potential, likely development of PFAS byproducts of incomplete 

combustion 

o 2 – Possible media shifting potential; unknown possibility of development of PFAS 

byproducts of incomplete combustion 

o 3 – Low media shifting potential, unlikely development of PFAS byproducts of incomplete 

combustion 
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5.1.4 Evaluation Criteria Selection and Weighting by Waste Stream 

Criteria weighting differed by waste stream depending on specific priorities for each industry. Scoring of 

each alternative for each criterion also varied among media depending on the scale, pretreated water 

quality, and other site considerations associated with each waste stream evaluated. 

Table 5-1 summarizes the criteria weighting used for different waste streams. Each criterion was given a 

weight of one through five, which was multiplied by the one-to-three score for each alternative for a 

weighted score. Some of the considerations used in the development of criteria weighting included the 

following: 

• Municipal WRRF effluent and biosolids treatment alternatives require more commercialization and 

reliability than alternatives applied to landfill leachate and compost contact water, partly due to 

the larger volume of material requiring management and partly due to the importance of 

consistent wastewater treatment to society. 

• Beneficial reuse opportunities for biosolids treatment alternatives are important to decrease or 

eliminate the need for landfill disposal of the residuals.  

• Pretreatment complexity is more important for lower-quality liquid streams like mixed MSW 

landfill leachate and compost contact water than municipal WRRF effluent. The lack of existing 

treatment translates to a higher operational burden imposed by extra treatment processes. All 

biosolids management options require pretreatment via dewatering, so there was no difference in 

complexity and cost among alternatives. 
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Table 5-1 Evaluation criteria weightings by waste stream 

Category 
Municipal 

WRRF Effluent 
Biosolids 

Mixed MSW 

Landfill 

Leachate 

Compost 

Contact 

Water 

Technical Feasibility 

PFAS separation efficiency 5 N/A 5 5 

PFAS destruction efficiency 5 5 5 5 

Degree of commercialization  4 4 3 3 

Reliability of performance 3 4 2 2 

Simplicity of operation/maintenance  3 2 4 4 

Operator and public health 2 2 2 2 

Economic Feasibility 

Relative capital costs 4 4 4 4 

Relative operation and maintenance costs  3 3 3 3 

Relative energy consumption 2 2 2 2 

Relative complexity and cost of 

pretreatment 
2 1 4 4 

Energy recovery options (applicable for 

biosolids technologies only) 
N/A 2 N/A N/A 

Applicability at scale 5 5 5 5 

Byproducts Management 

Beneficial reuse opportunity for water or 

byproducts 
1 3 1 1 

Potential for media shifting of PFAS 2 2 2 2 

Minimum score achievable[1]  41 39 42 42 

Maximum score achievable[1] 123 117 126 126 

[1]  The minimum score achievable by a given alternative is the sum of criteria weights multiplied by one (the lowest allowable 

score for each criterion). The maximum score achievable is the sum of criteria weights multiplied by three (the highest 

allowable score for each criterion). 

5.2 Goals and Approach for Preliminary Design and Costing of 

Example Pretreatment Facilities 

Some PFAS management alternatives require the pretreatment of municipal wastewater, landfill leachate, 

or compost contact water before entering PFAS separation processes. Alternatives that require 

pretreatment include RO membrane separation or sorption media pressure vessels (with GAC, AIX, or 

modified clay media). Other alternatives for liquid waste streams that rely on foam fractionation for PFAS 

separation or destruction were not expected to require pretreatment. 
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Pretreatment requirements and design basis for liquid waste streams are expected to vary considerably 

among specific sites. This study outlines pretreatment water quality requirements for liquid waste streams 

and anticipated influent water quality for PFAS management alternatives. It then outlines an example 

pretreatment process flow that could meet pretreatment water quality requirements in some instances 

and associated costs, as provided in Sections 6.5, 8.5, and 9.5. These evaluations were meant to provide an 

approximate order-of-magnitude cost estimate for pretreatment and should not replace site-specific 

treatability evaluations for select pretreatment processes. Because the focus of this study is PFAS 

separation and destruction and pretreatment requirements were expected to vary significantly by site, 

pretreatment cost estimates were developed in less detail, with greater uncertainty (at +100%/-50%) than 

PFAS separation and destruction cost estimates (at +50%/-30%). 

To optimize the treatment efficacy of the PFAS management alternatives, it is recommended that the 

influent water quality for the aqueous waste streams meet the pretreated concentrations outlined in 

Table 5-2. These pretreatment concentrations are based on vendor-recommended influent water quality 

for RO membrane separation, GAC sorption, and AIX technologies.  

Table 5-2 Targeted pretreated water quality for PFAS management alternatives with RO or 

sorption media vessels 

Parameter[1] Units 

GAC 

Influent 

Targets 

AIX  

Influent 

Targets 

RO 

Influent 

Targets 

Rationale 

TOC[2] mg/L 20 2 2 
Membrane and 

sorption media foulant 

TSS mg/L 1 1 1 
Membrane and 

sorption media foulant 

TDS mg/L NA 500 NA 
AIX foulant; affects RO 

recovery 

Iron mg/L 0.5 0.1 0.1 Limits fouling 

Manganese mg/L 0.5 0.1 0.1 Limits fouling 

[1] Pretreatment thresholds for these parameters were not established for modified clay media. However, it is assumed that 

modified clay media must achieve similar pretreatment targets as GAC to avoid media fouling and pore blockage issues. 

[2] Dissolved organic carbon (DOC) is the parameter directly affecting fouling. However, TOC is used here because it is more 

commonly monitored and because the low TSS means that DOC and TOC concentrations are very similar. TOC is listed as the 

primary organic bulk parameter, but if not measured, BOD5 should be less than 60 mg/L. 

PFAS destruction alternatives for biosolids require pretreatment to remove material that could damage 

the destruction equipment and dewater the biosolids enough to meet SCWO, pyrolysis, or gasification 

feed requirements. The PFAS destruction alternatives’ solids concentration requirements for biosolids are 

outlined with associated costs in Section 7.5.  
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5.3 Goals and Approach for Preliminary Design and Costing of 

Site-Specific Facilities 

Alternatives that scored the highest in the detailed screening for each waste stream were carried forward 

for preliminary design and cost-curve development. This includes four alternatives for municipal WRRF 

effluent, two for municipal WRRF biosolids, four for mixed MSW landfill leachate, and three for compost 

contact water.  

The following components for each site-specific PFAS management alternative can be found in Sections 6 

through 9: 

• Process flow diagram 

• Design basis summary table 

• Class 5—Association for the Advancement of Cost Engineering International Recommended 

Practice No. 17R-97 (AACE International 2020) capital cost table and scalable cost curve 

• O&M cost table and scalable cost curve 

• Narrative summarizing any relevant implementation concerns related to design, construction, 

operation, or maintenance for each alternative developed 

5.3.1 Preliminary Design 

Preliminary design basis summary tables in subsequent sections summarize key design parameters 

selected for each unit process comprising a single alternative.  

The purpose of the preliminary design was to develop equipment needs and implementation 

considerations and support Class 5 (AACE) cost estimating. These preliminary designs were developed 

based on conversations with vendors, as well as relevant project experience and professional judgment. 

Preliminary designs were developed to address the design basis, including PFAS management alternative 

influent water and biosolids quality. These are outlined in subsequent sections for each targeted waste 

stream and are not intended to be applied to facilities with different conditions. The actual feasibility and 

effectiveness of any technology can vary from that assumed for a variety of site-specific reasons. Bench-

scale or pilot-scale testing (or further testing, etc.) will be needed if more certainty as to the effectiveness 

of the technology based on site-specific conditions is required. 

Specific design basis decisions that affect multiple waste streams include the following: 

• 15-minute EBCT for GAC sorption media, reflecting a value slightly higher than the industry 

standard of 10 minutes for PFAS removal due to relatively low PFAS treatment targets. 

• 4-minute EBCT for AIX sorption media, reflecting a value slightly higher than the industry 

standard of 2 minutes for PFAS removal due to relatively low PFAS treatment targets. 
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• 10-minute EBCT for modified clay sorption media, based on vendor feedback that EBCT should be 

higher than for AIX for high-PFAS waste streams like mixed MSW landfill leachate and compost 

contact water.  

• Target hydraulic loading rate of 1–10 gpm/ft2 for GAC vessels and 5–18 gpm/ft2 for AIX and 

modified clay vessels. 

• RO flux of 16 gallons per square foot per day. 

• RO recovery of 85% for tertiary wastewater effluent and 65% for pretreated mixed MSW landfill 

leachate. 

5.3.2 Cost Estimate Approach and Limitations 

A Class 5 (AACE) capital cost estimate was developed for each PFAS management alternative carried 

forward to a preliminary design. Each cost estimate was then scaled to flows within the design basis flow 

range for each waste stream to develop cost curves. Capital costs are presented in summary tables for 

three flow rates (low, middle, and high) for each waste stream and management alternative, with cost 

curves spanning the design basis flow range. Each capital cost curve has an estimated accuracy within a 

margin of +50%/-30%, consistent with less than 2% maturity of project design deliverables (AACE 

International 2020).  

Sources used in the development of the capital cost curves included existing cost estimates prepared by 

Barr and Hazen as part of recent economic evaluations for multiple PFAS treatment and destruction 

alternatives, Barr’s cost estimate repository, Minnesota project experience, conversations and budgetary 

estimates from vendors, and resources available through Barr’s membership and involvement with the 

Interstate Technology Regulatory Council PFAS Team.  

O&M costs were also developed based on the preliminary designs for the PFAS management alternatives 

and capital cost estimates. O&M costs also relied on vendor input, relevant project experience, and 

current industry rates for labor, electrical, sorption media, transportation, and disposal. The O&M costs 

are assumed to have the same level of accuracy (+50%/-30%) as the capital cost estimates. 

The capital and O&M cost estimates developed for this Report represent the best judgment of the 

experienced and qualified professionals familiar with this project. Using the above sources, the estimated 

capital and O&M costs developed for preliminary PFAS management alternatives in this Report are 

intended to compare alternatives rather than represent estimates for specific projects. These cost 

estimates should not be directly applied in situations with different water or solids quality, operational 

constraints, or site-specific conditions. Barr has no control over the cost of labor, materials, equipment, or 

services furnished by others, over any contractor’s methods of determining prices, or over competitive 

bidding or market conditions. Barr expects that costs for a specific site will vary from the opinions of 

probable capital and O&M costs for preliminary PFAS management alternatives developed for this Report. 

If managers of specific sites wish greater assurance as to probable costs, they should conduct a site-

specific feasibility evaluation, including pilot testing, to characterize site-specific considerations and needs 

and to more accurately estimate PFAS management costs. 
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5.3.3 Capital Cost Support 

PFAS separation and destruction equipment costs were solicited from multiple vendors who were 

presented with representative pretreated liquid waste stream or biosolids quality and characteristics and 

flow rates. Vendors were asked to assemble equipment options, footprints and dimensional diagrams, and 

capital costs. The information received from vendors was evaluated and compared for selecting 

representative equipment capital costs for inclusion in the preliminary cost estimates for each alternative 

at each flow rate evaluated. Specific vendor equipment models and the breakdown of equipment costs 

between unit processes, where an alternative includes multiple units, are not reported in the design basis 

or capital cost estimate tables. For most alternatives, the most conservative equipment costs were 

selected for inclusion at this preliminary design stage.  

Equipment sizing for sorption vessels treating RO concentrate was accomplished by estimating achievable 

RO recovery. Lower recovery rates reduce energy use and fouling rate but lower permeate flux. The water 

quality and the required percentage removal of some of the water constituents also affect potential 

operating conditions and target recovery of RO membranes. For the current work, the recovery rate for 

the RO membranes treating municipal WRRF effluent and mixed MSW landfill leachate was set at 85% and 

65%, respectively, based on literature and water quality.  

For alternatives that include multiple unit processes, the total equipment cost was reported as a single line 

item in the capital cost estimates. Equipment costs were marked up by 28% to account for the estimated 

contractor markup (20%), and the average Minnesota sales tax was rounded up to the nearest percentage 

point (8%).  

Most of the remaining capital-cost estimate line items were calculated as percentages of equipment, 

building, and/or construction costs based on relevant project experience and considering the level of 

preliminary design, except for treatment building costs. The percentages and line-item inclusions were as 

follows:  

• General conditions: 15% of construction and equipment subtotal 

o Includes: Contractor mobilization and demobilization and site and project management 

• Piping and appurtenances: 50% of total equipment cost 

o Includes: Separation and destruction equipment interconnected piping, piping supports, 

valves, and fittings 

• Electrical and instrumentation/controls: 20% of total equipment cost 

o Includes: Controllers, valves, switches, indicators, transmitters, converters, instruments, 

conduits, and supports  

• Site work: 10% of building cost 

o Includes: Yard piping and utilities 
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• Installation (equipment and piping): 50% of the total equipment and piping and appurtenances 

costs 

o Includes: Contractor installation of separation and destruction equipment, process piping 

and appurtenances, and yard piping and utilities  

A treatment building cost of $500 per square foot was assumed, which includes subgrade excavation and 

preparation, a concrete pad, building materials, heat, power and electrical, mechanical/HVAC/plumbing, 

and appurtenances. Separation and destruction equipment footprints were estimated with vendor-

provided information and dimensional diagrams and rounded to the nearest 10 or 100 square feet, 

depending on the size of the facility. For alternatives that include media sorption processes, a footprint for 

a driving lane for media changeout and a pipe gallery were included for liquid waste stream flow rates 

greater than or equal to 100 gpm (0.14 MGD). For all alternatives, a footprint for a lab and bathroom was 

included for liquid waste stream flow rates greater than or equal to 500 gpm (0.72 MGD).  

With the framework described in this section, capital cost estimate tables were developed for three flow 

values for each waste stream, targeting each order of magnitude. Where appropriate, cost curves were 

developed by fitting a power formula to the three costs and flows. In some cases (the very low flow range 

used for mixed MSW landfill leachate and compost contact water and alternatives with significant 

modular equipment costs), a linear formula was used to fit the cost curves. 

5.3.4 Operation and Maintenance Cost Support 

Operation and maintenance cost estimates were developed with the following line items (as applicable):  

• Utilities (including energy use for process and non-process loads) 

• Sorption media replacement (including media purchase and trucking) 

• Sorption media disposal (including spent media disposal and trucking) 

• GAC reactivation (applicable to systems with 80,000 pounds or more of spent GAC per changeout 

event) 

• Concentrate disposal (including concentrate disposal and trucking) 

• Chemical usage (including flocculants, caustic, antiscalants, and clean-in-place chemicals, as 

needed) 

• Maintenance (including process equipment and general building maintenance) 

• Monitoring (including shipping and analytical fees for PFAS monitoring) 

• Labor (including payroll and benefits for full-time equivalents for operation and maintenance 

staff) 
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For alternatives that include GAC adsorption, thermal reactivation was expected to be more cost-effective 

than single-use GAC. However, this technology has only been demonstrated as effective for PFAS removal 

when a facility can designate dedicated (site-dedicated) carbon to be reused only at that site (Westreich et 

al. 2018). Vendors have advised that the GAC use rates of smaller facilities (e.g., less than 80,000 pounds 

total per changeout event) are likely too small to enroll in site-dedicated reactivation programs, largely 

due to constraints on reactivation facility sizes. As a result, alternatives with GAC adsorption were 

assumed to use thermal reactivation for sites with over 80,000 pounds of GAC per changeout, which only 

applies to municipal WRRF effluent greater than 1.0 MGD. Other waste streams and smaller WRRF sizes 

with GAC adsorption were assumed to use single-use GAC with off-site high-temperature incineration. 

Disposal of GAC via general pool reactivation through a GAC vendor could be a cost-saving option over 

high-temperature incineration. However, the availability of this option is subject to media acceptance into 

the general pool reactivation program by the GAC vendor based on the media characteristics. Because of 

the uncertainty of the availability of this disposal option, it was not considered in the O&M estimates 

prepared for this study. 

Utility use estimates were based on guidelines from the Electric Power Research Institute (Electric Power 

Research Institute 2013), assuming electrical costs of $0.13/kW-hr based on commercial pricing in 

Minnesota in 2022 (U.S. EIA 2022a). The natural gas estimate of $15.91/kSCF (kSCF=1,000 standard cubic 

feet) was based on reported commercial pricing in Minnesota in 2022 (U.S. EIA 2022b). 

GAC media replacement frequencies were approximated by modeling the estimated bed volumes treated 

to breakthrough at 5 ng/L. Bed volumes treated to breakthrough using GAC (Calgon F400) were estimated 

using an advection-dispersion model coupled with a homogenous surface diffusion model (HSDM) 

(Crittenden et al. 1986). Freundlich isotherm parameters for specific PFAS were taken from Burkhardt et al. 

(2022). Water-film mass transfer coefficients and surface diffusivities of PFAS on GAC were taken from 

Jarvie et al. (2005), and water-phase diffusion coefficients for individual PFAS were taken from Schaefer et 

al. (2019). This modeling exercise assumed influent PFAS concentrations matching those typical for each 

waste stream: municipal WRRF effluent, mixed MSW landfill leachate, compost contact water, and 

concentrate from RO treatment of municipal WRRF effluent and mixed MSW landfill leachate. These 

influent concentrations are presented in waste stream-specific sections in Table 6-1, Table 7-1, Table 8-1, 

and Table 9-1. PFAS concentrations in RO concentrate were estimated assuming 100% PFAS rejection and 

85% water recovery for wastewater effluent and 65% recovery for mixed MSW landfill leachate. Additional 

details are included in Appendix D. 

Mechanistic modeling was not completed for media replacement frequencies of AIX resin and modified 

clay due to limited data and information available in peer-reviewed literature to enable the development 

and implementation of mechanistic breakthrough models for these media. Instead, media replacement 

frequencies were estimated, assuming both AIX resin and modified clay media would have the same 

volume throughput of treated water (in gallons) as estimated for GAC using the HSDM model. For this 

study, breakthrough of the short-chain PFAS, PFBA, and PFBS dictated media exchange frequencies for 

GAC. Thus, for AIX resin beds and modified clay media beds designed to typical industry EBCTs (e.g., 4 

minutes and 10 minutes, respectively), it was assumed that each media (GAC, AIX, and modified clay) 

would achieve the same volume throughput based on the breakthrough of the short-chain PFAS, PFBA or 
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PFBS. This assumption was supported by similar ranges in the bed volumes to breakthrough for each 

media for these PFAS as summarized in Appendix C. 

Due to the uncertainties in the estimated media replacement frequencies used in this study, Barr 

recommends that sites seeking to implement media sorption for PFAS removal conduct pilot studies to 

accurately predict media replacement frequencies based on site-specific water quality and PFAS removal 

goals.  

Costs for sorption media replacement were based on vendor feedback and pricing estimates for the 

selected sorption media. Costs for high-temperature incineration (for sorption media and foam 

fractionation foamate) were based on vendor discussions and data summarized in U.S. EPA (2020). GAC 

reactivation costs were based on vendor discussions. Disposal fees will vary depending on the specific 

characteristics of the waste and the waste manager. Therefore, the costs presented in this study may not 

reflect actual costs for the disposal of PFAS wastes, byproducts, or concentrates.  

Trucking costs to incineration and reactivation facilities assumed $3/mile (assuming the PFAS-containing 

wastes are considered non-hazardous), 760 miles to a commercial incinerator that accepts PFAS waste, 

and 900 miles to a commercial GAC reactivation facility. Mileage was based on approximate distances 

between the Minneapolis-Saint Paul metro area of Minnesota and a conceptual commercial facility for 

each type. 

Other line items included chemical usage for foam fractionation (cationic surfactant) and SCWO (caustic), 

antiscalant and clean-in-place chemicals for RO membrane separation, bag filter replacement for foam 

fractionation, and monthly PFAS sample collection and analysis.  

Annual process equipment maintenance costs were assumed to be 3% of the purchase price of the 

process equipment. Annual general building maintenance was assumed to be $2.50/sq ft.  

Labor (operator and maintenance staff time) was adjusted based on the facility size and complexity of the 

unit processes. 

5.4 Goals and Approach for Regional Facility Evaluation 

In addition to the site-specific alternatives evaluated, the feasibility and cost-effectiveness of regional 

PFAS destruction technologies were evaluated. This included a concept-level design for two regional PFAS 

destruction facilities and capital and O&M cost estimates for each. Operating costs (or savings) unique to 

regional facilities were developed to establish a potential payback period compared to discrete treatment 

systems.  

The following components, outlined in Section 10, were developed for each regional PFAS destruction 

facility: 

• Process flow diagrams  

• Capital cost estimates 
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• O&M cost estimates and payback evaluation 

• Narrative summarizing any relevant implementation concerns related to design, construction, 

operation, or maintenance for each alternative developed 

The limitations of the PFAS management cost estimates outlined in Section 5.3 also apply to cost 

estimates for regional PFAS destruction facilities described in Section 10. Capital costs were based on a 

combination of vendor quotes for available equipment (for a regional biosolids pyrolysis facility) and 

scaling from recent reports of costs of facility expansions (for a regional high-temperature sorption media 

incineration facility).  

Net present value (NPV) and payback period were used to evaluate the potential economic feasibility of 

new regional facilities. NPV reflects the current value of the net return at the end of the planning period 

relative to what might have been gained by investing elsewhere. The interest rate was assumed to be 2–

6% (achievable market rate interest less inflation). This reflects the minimum attractive rate of return that 

could be achieved by investing capital elsewhere. A range was used to reflect a high degree of future 

uncertainty due to currently high inflation rates. The payback period is the time the capital expense can be 

repaid from the project benefits, not considering interest. 

The effects of secondary environmental impacts (externalities) were also estimated for each regional 

facility based on literature regarding the cost of these impacts. 
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6 Municipal Wastewater 

6.1 Project Assumptions for Municipal Wastewater 

6.1.1 Description and Scale of Required Treatment 

In the United States, centralized municipal WRRFs are the primary means by which wastewater is treated 

to remove biochemical oxygen demand, nutrients, and pathogens prior to discharge back to the 

environment. The majority of water treated comes from municipal sources, which contain PFAS due to 

their wide use in everyday consumer products (Thompson et al. 2022; Roy et al. 2018; Hamid, Li, and 

Grace 2018; Choi et al. 2019). Many WRRFs also accept industrial wastewater discharges under 

pretreatment agreements, which have the potential to contribute additional PFAS loading to WRRFs 

(Thompson et al. 2022). Some WRRFs serve communities with PFAS-contaminated potable water above 

the treatment targets identified in this study, and could thus exceed the treatment targets without 

additional PFAS loading from municipal or industrial sources (McNamara et al. 2018; Appleman et al. 

2014; Pan, Liu, and Ying 2016). For this study, high industrial loads of PFAS were assumed to be managed 

via industrial pretreatment agreements, whereby PFAS are removed from industrial discharges before 

entering a WRRF. The concentrations assumed as design basis reflect typical values for Minnesota facilities 

without significant industrial PFAS loading. While this assumption is not realistic for every Minnesota 

WRRF, given current source management practices, it enables the development of baseline treatment 

needs and costs that can be increased, if needed, for facilities with significant industrial PFAS inputs.  

Characteristics for two different types of existing, conventional treatment were used to reflect the majority 

of WRRFs in Minnesota: 

• Conventional activated sludge treatment, including grit removal, primary sedimentation, 

secondary activated sludge with nitrification, and disinfection 

• Stabilization pond treatment, including treatment in unaerated stabilization ponds, followed by 

disinfection 

PFAS treatment of WRRF effluent would be applied downstream of existing treatment (end-of-pipe) to 

provide high-quality water that reduces fouling and maintenance costs associated with removing PFAS. 

This study addressed and produced cost curves for removing and destroying PFAS from WRRFs with 

influent flows ranging from 0.1 to 10 MGD and, as noted, assumes no significant industrial contributions 

of PFAS.  

While the primary goal of the study was to evaluate PFAS treatment alternatives for their ability to 

separate and mineralize PFAS, WRRFs may be interested in the ability of retrofit equipment to meet other 

water quality goals, including removing the following: 

• Total nitrogen to less than 7 mg/L 

• Total phosphorus to less than 0.5 mg/L 
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• Total mercury to less than 6.9 ng/L 

Pretreatment retrofits achieving tertiary treatment are expected to be needed for all PFAS management 

alternatives evaluated in detail and are described in more detail in Section 6.5. This tertiary treatment is 

expected to meet the above water quality goals, so the ability of PFAS management alternatives to do so 

was not evaluated. An added benefit of tertiary treatment is the potential for beneficial reuse, including 

possibly industrial and irrigation uses as well as indirect potable reuse. 

6.1.2 PFAS Influent Concentrations and Treatment Targets 

The presence and abundance of specific PFAS in WRRF influent are variable and reflective of ongoing 

consumer and industry changes. The PFAS most relevant in municipal wastewaters include short-chain 

PFCAs, long-chain legacy PFCAs and PFSAs, and fluorotelomers, with target PFAS selected as previously 

described in Section 2.3. Of the PFAS mass entering a WRRF, long-chain PFAS preferentially sorb to 

biosolids, and short-chain PFAS preferentially remains in the liquid phase (Guo et al. 2010; Pan, Liu, and 

Ying 2016). However, the transformation of PFAS precursors within the WRRF can lead to an increase in 

PFAA concentrations between WRRF influent and WRRF effluent (Thompson et al. 2022; Houtz et al. 2016).  

Assumed typical and high WRRF effluent PFAS concentrations for use in this study were developed based 

on MPCA data for Minnesota WRRFs and are summarized in Table 6-1. Typical and high values were 

selected to reflect approximate median and 90th percentile concentrations observed in the source data 

and serve as a basis for developing design basis and cost estimates in this study. These values are not 

intended to reflect the full range of PFAS concentrations that may be present at WRRFs.  

Table 6-1 Assumed influent concentrations and treatment goals for target PFAS in municipal 

WRRF effluent (all units in ng/L) 

PFAS[1]  
Typical 

Concentrations[2] 

High 

Concentrations[2] 

Treatment 

Target  

PFBA 15 200 5 

PFBS 15 50 5 

PFHxA 30 60 5 

PFHxS 5 15 5 

PFOA 40 80 5 

PFOS 5 30 5 

6:2 FTS 5 150 5 

[1] Total oxidizable precursor assay is identified as an important analysis for municipal wastewater, but representative typical and 

high numerical concentrations were not available from the referenced datasets.  

[2] Typical concentrations were selected to be in the range observed in three main sources: 2009–2010 MPCA-supplied data; 

Helmer, Reeves, and Cassidy (2022); and Coggan et al. (2019). Data reflect aqueous concentrations in treated effluent from 

municipal WRRFs.  
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6.1.3 Water Quality Assumptions for Pretreated WRRF Effluent 

Non-PFAS water quality parameters have significant implications for currently available PFAS removal 

technologies. This section describes general water quality assumptions for municipal WRRF effluent. 

Representative influent and effluent water quality reflecting a typical WRRF in Minnesota was developed 

for non-PFAS parameters and listed in Table 6-2. This water quality includes moderate-to-high hardness 

of 511 mg/L as CaCO3 and high alkalinity of 410 mg/L as CaCO3. While this water quality will not be 

accurate for any one facility, it serves as a starting point to enable preliminary design and cost estimating 

for Minnesota WRRFs.  

Effluent from conventional activated sludge or stabilization pond WRRFs is expected to contain 

concentrations of suspended solids and organic matter that would cause operational issues with primary 

PFAS separation technologies (e.g., GAC adsorption, AIX, and RO membrane separation). As a result, 

pretreatment consistent with tertiary treatment technologies is needed. Table 6-2 also includes tertiary-

treated water quality used as the design basis for preliminary design and cost estimates. This water quality 

is assumed to be the influent to PFAS separation technologies and was based on WRRF effluent water 

quality and pretreatment targets for media sorption (GAC and AIX) and RO processes discussed in 

Section 5.2. Examples of WRRF retrofits and potential costs to provide this water quality prior to PFAS 

separation are further discussed in Section 6.5. 
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Table 6-2 Assumed initial and pretreated municipal wastewater quality 

Parameter Units 
Municipal WRRF 

Influent[1] 

Concentration in 

Mechanical Secondary 

Effluent[1,2]  

Assumed Concentration 

in Pretreated Water 

 (Influent for PFAS 

Management Alts) 

pH SU Not reported Not reported 7[3] 

TDS mg/L Not reported Not reported 500[3] 

TSS mg/L 200 5 1[4] 

BOD5 mg/L 200 8 2 

TOC mg/L Not reported Not reported 2[4] 

Alkalinity mg/L as CaCO3 410 410 410 

Chloride mg/L 560 560 560 

Sulfate mg/L as SO4 100 100 100 

Sodium mg/L 320 320 320 

Potassium mg/L 27 27 27 

Calcium mg/L 120 120 120 

Magnesium mg/L 52 52 52 

Ammonia mg/L as N 30 0.25 0.25 

Phosphorus mg/L 14 0.8 0.3 

Iron mg/L Not reported Not reported 0.1[4] 

Manganese mg/L Not reported Not reported 0.1[4] 

[1] WRRF influent and effluent concentrations compiled by MPCA for municipal WRRFs in Minnesota. 

[2] Conventional activated sludge with nitrification, secondary clarification, and no coagulation or tertiary treatment, compiled by 

MPCA for municipal WRRFs in Minnesota without significant industrial PFAS inputs. 

[3] pH assumed to be neutral, and TDS assumed to be in typical range for WRRF effluent from regions sourcing drinking water 

from groundwater sources. 

[4] Based on the pretreatment discussion in Section 5.2. Refer to Section 6.5 for more guidance on potential retrofit options to 

achieve this water quality prior to PFAS separation technologies. 

6.2 PFAS Management Alternatives Evaluation Results 

Each PFAS management alternative identified for liquid-phase PFAS separation and destruction in 

Section 4.1 was scored for each evaluation criterion described in Section 5.1.1 for municipal WRRF 

effluent. 

6.2.1 Evaluation Scoring Results 

Alternatives evaluated for municipal WRRF effluent, as described in Section 4.1, were: 

• Alternative 1a: GAC sorption followed by off-site, high-temperature incineration of GAC 
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• Alternative 1b: RO membrane separation followed by GAC sorption of concentrate and off-site, 

high-temperature incineration of GAC 

• Alternative 2a: single-use AIX followed by off-site, high-temperature incineration of resin 

• Alternative 2b: RO membrane separation followed by single-use AIX of concentrate and off-site, 

high-temperature incineration of AIX resin 

• Alternative 3a: regenerable AIX followed by on-site brine regeneration of resin and off-site, high-

temperature incineration of spent regenerant residuals  

• Alternative 3b: RO membrane separation followed by regenerable AIX sorption of concentrate 

and on-site brine regeneration of resin and off-site, high-temperature incineration of spent 

regenerant residuals 

• Alternative 4a: regenerable AIX followed by on-site brine regeneration of resin and SCWO of still 

bottoms 

• Alternative 4b: RO membrane separation followed by regenerable AIX sorption of concentrate 

and on-site brine regeneration of resin and SCWO of still bottoms 

• Alternative 5b: RO membrane separation followed by modified clay media sorption of concentrate 

and off-site, high-temperature incineration of clay media 

• Alternative 6a: GAC sorption followed by single-use AIX with off-site, high-temperature 

incineration of sorption media 

• Alternative 6b: RO membrane separation with concentrate treated by GAC sorption followed by 

single-use AIX with off-site, high-temperature incineration of sorption media 

• Alternative 7b: RO membrane separation followed by SCWO of concentrate 

Evaluation results are summarized in Table 6-3 and described in subsequent sections. Specific criteria and 

subcriteria were defined in Section 5.1. Based on the screening, Alternatives 1a, 2a, 6a, and 6b were 

retained for preliminary design and cost curve development.  
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Table 6-3 Alternatives evaluation results for municipal WRRF effluent 

Alternative Number 1a 1b 2a 2b 3a 3b 4a 4b 5b 6a 6b 7b 

Membrane separation 

technology  

- RO - RO - RO - RO RO - RO RO 

First PFAS sorption technology GAC GAC AIX AIX RA RA RA RA MC GAC GAC - 

Second PFAS sorption 

technology 

- - - - - - - - - AIX AIX - 

PFAS destruction technology Inc Inc Inc Inc Inc Inc SC SC Inc Inc Inc SC 

Technical Feasibility wt 60 55 60 55 52 49 48 45 51 66 61 48 

PFAS separation efficiency 5 3 3 3 3 3 3 3 3 3 3 3 3 

PFAS destruction efficiency 5 3 3 3 3 3 3 3 3 3 3 3 3 

Degree of 

commercialization  

4 3 3 3 3 2 2 1 1 2 3 3 1 

Reliability of performance 3 1 1 1 1 3 2 3 2 1 3 3 3 

Simplicity of 

operation/maintenance  

3 3 2 3 2 1 1 1 1 2 3 2 1 

Operator and public health 2 3 2 3 2 1 1 1 1 2 3 2 1 

Economic Feasibility wt 44 39 44 39 33 26 21 21 30 37 32 16 

Relative capital costs 4 3 3 3 3 2 1 1 1 2 2 2 1 

Relative operation and 

maintenance costs  

3 3 2 3 2 3 2 2 2 2 2 1 1 

Relative energy 

consumption 

2 3 2 3 2 2 2 2 2 2 3 2 1 

Relative complexity and 

cost of pretreatment 

2 1 1 1 1 1 1 1 1 1 1 1 1 

Applicability at scale 5 3 3 3 3 2 2 1 1 2 3 3 1 

Byproducts Management wt 3 4 3 4 4 5 6 7 4 3 4 6 

Beneficial reuse opportunity 

for water or byproducts 

1 1 2 1 2 2 3 2 3 2 1 2 2 

Potential for media shifting 

of PFAS 

2 1 1 1 1 1 1 2 2 1 1 1 2 

Total Score 107 98 107 98 89 80 75 73 85 106 97 70 

Retained? x  x       x x  

wt = criteria weight, as defined previously in Section 5.1.4, RO = RO membrane separation, GAC = granular activated carbon, 

AIX = anion exchange, RA = regenerable anion exchange, MC = modified clay, Inc = high-temperature incineration, SC = 

supercritical water oxidation (SCWO) 
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6.2.2 Technical Feasibility 

All alternatives evaluated receive a score of 3 for PFAS separation efficiency because they were selected 

to be able to remove all target PFAS under selected operating conditions. While short-chain PFAS, such as 

PFBA, may break through quickly in alternatives that include media sorption technologies, treated water 

could potentially be kept below treatment targets given frequent monitoring and proactive changeout.  

All alternatives evaluated received a score of 3 for PFAS destruction efficiency because both high-

temperature incineration and SCWO mineralize 99% or more of target PFAS. However, both have the 

potential for additional PFAS formation (Krause et al. 2022; L. Winchell et al. 2022). Additional research is 

needed for both these technologies to demonstrate the degree of mineralization achievable and the 

nature of byproducts formed.  

Alternatives with combinations of RO membrane separation, GAC, single-use AIX, and high-temperature 

incineration received a score of 3 for degree of commercialization, because all of these technologies 

have been widely applied in multiple industries for PFAS removal. AIX regeneration and modified clay 

sorption have been demonstrated in fewer industries and applications, so alternatives that included those 

technologies received a score of 2. Of the technologies included for consideration, SCWO is the least 

applied for PFAS management (limited to pilot-scale application for liquid treatment), so alternatives with 

SCWO scored a 1. 

Short-chain PFAS have the potential to break through sorption media vessels between monitoring events, 

resulting in detectable effluent concentrations until a monitoring event and subsequent sorption media 

changeout can be completed. AIX resin and modified clay are more effective at removing short-chain 

PFAS than GAC but are also more susceptible to fouling, so all technologies using one lead-lag sorption 

process scored a 1 for reliability of performance. Regenerable AIX scored higher for reliability because 

on-site regeneration could provide the ability to regenerate once breakthrough is observed more quickly 

than single-use sorption media could be changed out. However, using regenerable AIX to treat RO 

concentrate scored a 2 because it is sensitive to the higher salt content in concentrate. Alternatives with 

both GAC and AIX scored a 3 because this multiple barrier approach provides more opportunity to 

capture breakthrough before it reaches final effluent. RO with SCWO of concentrate scored a 3, reflecting 

the high expected reliability of both these processes. 

Alternatives with GAC, modified clay, or single-use AIX media and off-site high-temperature incineration 

scored a 3 for simplicity of operation/maintenance because, other than sorption media changeout 

events, they have only one on-site process that is relatively simple to operate. Alternatives with RO 

followed by sorption media all scored a 2 because RO membrane operation can be complex, requiring 

considerations for membrane fouling and cleaning. Regenerable AIX, with and without RO pre-

concentration, scored a 1 because the regenerable AIX process includes high temperatures and chemical 

management. RO with SCWO of concentrate scored a 1 because of RO operational complexity and high 

temperature and pressure conditions associated with SCWO.  

Sorption media alternatives with high-temperature incineration received a score of 3 because minimal 

operator and public health risks are associated with these types of treatment and destruction 
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technologies. Alternatives with regenerable AIX or SCWO scored a 1 due to high-temperature on-site 

processes. Alternatives with RO and other media received a score of 2 because, though commonly used in 

the industry, they have increased risk to operators and public health due to one or more of the following: 

addition of chemicals, high operating temperatures, or high operating pressures. 

6.2.3 Economic Feasibility 

Alternatives using single-use sorption media have the lowest relative capital cost and received a score of 

3. Adding RO as a pre-concentration step increases the capital cost for RO, but that additional cost is 

similar to savings resulting from smaller media filtration, leaving these scores at 3. Installation of on-site 

AIX regeneration equipment is expected to have a large capital cost, so alternatives with regenerable AIX 

technology received a lower score (by 1) than single-use AIX. Alternatives with both GAC and single-use 

AIX also scored 1 point lower than alternatives with just one of those technologies, resulting in a score of 

2 both with or without RO. SCWO is expected to be relatively high in capital cost, so alternatives including 

SCWO scored a 1. 

Alternatives with single-use sorption media disposed of via high-temperature incineration are expected to 

have the lowest relative O&M cost (without energy), with primary costs associated with sorption media 

changeout and high-temperature incineration of media. The score for sorption media alternatives with RO 

upstream of the media was 1 point lower than the score without RO due to increased O&M costs 

associated with RO operation and maintenance. SCWO paired with regenerable AIX is expected to treat a 

very small waste stream consisting of AIX still bottoms, so O&M costs are ranked a 2, while RO/SCWO will 

send a larger flow rate to SCWO and was ranked a 1.  

Alternatives with media sorption without RO concentration were the alternatives with the lowest relative 

energy consumption and had a score of 3, as energy costs would be associated with off-site high-

temperature incineration of a concentrated media volume. The remaining alternatives were scored relative 

to these alternatives. Each alternative with RO lost a point due to the high pressures and resultant high 

energy needed to operate RO. Regenerable AIX would use more energy on-site for the regeneration 

process but less energy for residual destruction due to the low volume of residual still bottoms. These 

alternatives were ranked a 2. RO/SCWO ranked the lowest due to the high energy cost of applying SCWO 

to the full volume of RO concentrate. 

All alternatives evaluated for municipal WRRF effluent were scored a 1 for relative complexity and cost 

of pretreatment because all would require pretreatment, as described in Section 6.5. 

GAC, single-use AIX, and RO membrane separation have been widely applied at scale for municipal 

wastewater treatment (over 1 MGD), so alternatives including only these technologies received a score of 

3. Regenerable AIX and modified clay media have limited applications at this flow rate, and alternatives 

including them received a score of 2. SCWO applications are very limited in size, so alternatives with 

SCWO were scored as 1. 



 

 

 

 63  
 

6.2.4 Byproducts Management 

Alternatives with two opportunities for beneficial reuse of byproducts received a score of 3—for 

example, RO permeate for water reuse in the plant and reuse of resin through regeneration in the 

alternative combining RO, regenerable AIX, and SCWO of still bottoms. Alternatives with one form of 

beneficial reuse received a score of 2. Alternatives with no potential beneficial reuse of byproducts 

received a score of 1. 

All alternatives with high-temperature incineration received a score of 1. This is due to the current 

uncertainty and ongoing industry research to investigate PFAS transformations and emissions associated 

with high-temperature incineration. Alternatives with SCWO destruction received a score of 2 because the 

possibility of PFAS media shifting is unknown. The potential for PFAS aerosolization to occur in WRRF 

aeration basins should be evaluated as a phase transfer mechanism for WRRFs under all scenarios.  

6.2.5 PFAS Management Alternatives for Preliminary Design 

Based on the screening described in Section 6.2, four PFAS management alternatives were carried forward 

to preliminary design and cost analysis for municipal WRRF effluent: 

• Alternative 1a: GAC sorption followed by off-site, high-temperature incineration of GAC (or GAC 

reactivation for WRRFs larger than 1 MGD)  

• Alternative 2a: single-use AIX followed by off-site, high-temperature incineration of resin 

• Alternative 6a: GAC sorption followed by single-use AIX with off-site, high-temperature 

incineration of sorption media (and GAC reactivation for WRRFs larger than 1 MGD) 

• Alternative 6b: RO membrane separation with concentrate treated by GAC sorption followed by 

single-use AIX with off-site, high-temperature incineration of sorption media 

While Alternatives 1b and 2b both scored 1 point higher than 6b, they were not included here, as the 

additive cost of RO preconcentration and cost savings on smaller media vessels will be similar for all three 

alternatives, and 6b reflects a moderate scenario due to its inclusion of both GAC and AIX processes. 

Costs for 1b and 2b could be estimated by subtracting 6a costs from 6b to get added RO costs and 

adding them to either 1a or 2a. 

6.3 Alternative Preliminary Design and Cost Curve Development 

6.3.1 Alternative 1a (Municipal Wastewater) 

For Alternative 1a, pretreated WRRF effluent meeting the water quality listed in Table 6-2 flows directly to 

lead-lag GAC adsorption pressure vessels. For facilities with less than 80,000 pounds of GAC per 

changeout event, once GAC media is exhausted with respect to target PFAS (limited by PFBA and PFBS in 

this case), it would be sent to high-temperature incineration. Larger facilities, including the 10 MGD basis 

used here, are expected to use enough GAC to merit dedicated reactivation of GAC for reuse at that site 

only. This GAC reactivation process is expected to decrease O&M costs related to the purchase of new 

carbon. This process flow is summarized in Figure 6-1. 
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Figure 6-1 Conceptual process flow diagram for Alternative 1a for municipal wastewater 

Key design basis assumptions for Alternative 1a are listed in Table 6-4, with a detailed design basis in 

Appendix E. 

Table 6-4 Summary of design basis assumptions for Alternative 1a for municipal wastewater 

Design Parameter 
Basis 

0.1 MGD/70 gpm 1 MGD/700 gpm 10 MGD/7,000 gpm 

Vessel capacity (lb) 6,000 20,000 60,000 

Number of trains 1 3 9 

Number of vessels 2 6 18 

EBCT per vessel (min) 15 15 15 

HLR (gpm/sq. ft) 2.5 2.1 5.1 

Estimated bed volumes to 

breakthrough[1] 
10,000 10,000 10,000 

GAC disposal route 
High-temperature 

incineration 

High-temperature 

incineration 
Dedicated reactivation 

[1] Defined as the estimated volume of water treated through the lead media vessel until the first detection of PFAS at 5 ng/L. 

Described further in Section 5.3.4 and Appendix D. 

Figure 6-2 and Figure 6-3 illustrate estimated capital and annual O&M costs for a range of influent flow 

rates. These costs do not include pretreatment costs described in Section 6.5. Detailed capital and O&M 

cost estimates are in Appendix E. 
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Figure 6-2 Capital cost curve for Alternative 1a for municipal wastewater 

 

Figure 6-3 O&M curve for Alternative 1a for municipal wastewater 

The highest operating costs are associated with labor and sorption media replacement and disposal. 

Primary uncertainties for Alternative 1a for municipal wastewater treatment include the following: 

• Pretreatment processes needed and the ability to meet pretreatment targets 

• Actual GAC breakthrough timing and requirements, depending on actual pretreated water quality 

• Potential for GAC fouling limiting bed life over PFAS breakthrough 

• Location and incineration fees of a selected high-temperature incineration facility 

6.3.2 Alternative 2a (Municipal Wastewater) 

For Alternative 2a, pretreated WRRF effluent meeting the water quality listed in Table 6-2 flows directly to 

lead-lag AIX pressure vessels. Once single-use AIX media is exhausted with respect to target PFAS (limited 
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by PFBA and PFBS in this case), it would be sent to high-temperature incineration. This process flow is 

summarized in Figure 6-4. 

Tertiary 

treated 

wastewater

AIX effluent 

to 

discharge

Lead

AIX

Lag

AIX

AIX media to high-temperature

incineration  

Figure 6-4 Conceptual process flow diagram for Alternative 2a for municipal wastewater 

Key design basis assumptions for Alternative 2a are listed in Table 6-5, with a detailed design basis in 

Appendix E. 

Table 6-5 Summary of design basis assumptions for Alternative 2a for municipal wastewater 

Design Parameter 
Basis 

0.1 MGD/70 gpm 1 MGD/700 gpm 10 MGD/7,000 gpm 

Vessel capacity (cu. ft) 40 200 450 

Number of trains 2 2 9 

Number of vessels 4 4 18 

EBCT per vessel (min) 4 4 4 

HLR (gpm/sq. ft) 5.0 7.0 6.9 

Estimated bed volumes to 

breakthrough[1] 
20,000 20,000 20,000 

AIX disposal route 
High-temperature 

incineration 

High-temperature 

incineration 

High-temperature 

incineration 

[1] Defined as the estimated volume of water treated through the lead media vessel until the first detection of PFAS at 5 ng/L. 

Described further in Section 5.3.4 and Appendix D. 

Figure 6-5 and Figure 6-6 illustrate estimated capital and annual O&M costs for a range of influent flow 

rates. These costs do not include pretreatment costs described in Section 6.5. Detailed capital and O&M 

cost estimates are in Appendix E. 



 

 

 

 67  
 

 

Figure 6-5 Capital cost curve for Alternative 2a for municipal wastewater 

 

Figure 6-6 O&M cost curve for Alternative 2a for municipal wastewater 

Estimated capital costs for single-use AIX (Alternative 2a) are similar to those estimated for GAC sorption 

(Alternative 1a). O&M cost estimates are similar between Alternatives 2a and 1a at low flows but diverge 

at higher flows because in Alternative 1a spent GAC is assumed to be reactivated rather than incinerated 

in the 10 MGD cost estimate, which substantially decreases the O&M costs. 

Primary uncertainties for Alternative 2a for municipal wastewater treatment include the following: 

• Pretreatment processes needed and the ability to meet pretreatment targets 

• Actual AIX breakthrough timing and requirements, depending on actual pretreated water quality 

• Potential for AIX fouling limiting bed life over PFAS breakthrough 

• Location and incineration fees of the selected high-temperature incineration facility 
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6.3.3 Alternative 6a (Municipal Wastewater) 

For Alternative 6a, pretreated WRRF effluent meeting the water quality listed in Table 6-2 flows directly to 

lead-lag GAC adsorption pressure vessels. GAC effluent would be routed to AIX pressure vessels. For 

facilities with less than 80,000 pounds of GAC per changeout, once GAC media is exhausted with respect 

to target PFAS (limited by PFBA and PFBS in this case), it would be sent to high-temperature incineration. 

Larger facilities are expected to use enough GAC to merit dedicated GAC reactivation, which enables GAC 

reactivation and reuse for that site only. This GAC reactivation process is expected to decrease O&M costs 

related to the purchase of new carbon. The single-use AIX process would primarily be present to limit the 

risk of breakthrough to treated effluent; GAC would be changed out frequently enough to target no 

breakthrough. Single-use AIX resin changeout is expected to be infrequent. Spent AIX resin would be sent 

to high-temperature incineration. This process flow is summarized in Figure 6-7.  
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Figure 6-7 Conceptual process flow diagram for Alternative 6a for municipal wastewater 

Key design basis assumptions for Alternative 6a are listed in Table 6-6, with a detailed design basis in 

Appendix E. 
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Table 6-6 Summary of design basis assumptions for Alternative 6a for municipal wastewater 

Design Parameter 
Basis 

0.1 MGD/70 gpm 1 MGD/700 gpm 10 MGD/7,000 gpm 

GAC 

Vessel capacity (lb) 6,000 20,000 60,000 

Number of trains 1 3 9 

Number of vessels 2 6 18 

EBCT per vessel (min) 15 15 15 

HLR (gpm/sq. ft) 2.5 4.6 5.1 

Estimated bed volumes to 

breakthrough[1] 
10,000 10,000 10,000 

GAC disposal route 
High-temperature 

incineration 

High-temperature 

incineration 
Dedicated reactivation 

AIX 

Vessel capacity (cu. ft) 40 200 450 

Number of trains 2 2 9 

Number of vessels 4 4 18 

EBCT (min) 4 4 4 

HLR (gpm/sq. ft) 5.0 7.0 6.9 

Estimated bed volumes to 

breakthrough[2] 
140,000 140,000 140,000 

AIX disposal route 
High-temperature 

incineration 

High-temperature 

incineration 

High-temperature 

incineration 

[1] Defined as the estimated volume of water treated through the lead media vessel until the first detection of PFAS at 5 ng/L. 

Described further in Section 5.3.4 and Appendix D. 

[2] Bed volumes to breakthrough shown assume one media bed replacement per year. Described further in Appendix D. 

Figure 6-8 and Figure 6-9 illustrate estimated capital and annual O&M costs for a range of influent flow 

rates. These costs do not include pretreatment costs described in Section 6.5. Detailed capital and O&M 

cost estimates are in Appendix E. 
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Figure 6-8 Capital cost curve for Alternative 6a for municipal wastewater 

 

Figure 6-9 O&M cost curve for Alternative 6a for municipal wastewater 

Estimated capital costs for the two-media sorption system, including both GAC and AIX (Alternative 6a), 

are approximately double those estimated for either sorption media alone (Alternatives 1a and 2a) due to 

the need for twice as many vessels. However, O&M costs are only slightly higher than those presented for 

GAC only because AIX resin changeout is expected to be infrequent.  

Primary uncertainties for Alternative 6a for municipal wastewater treatment include the following: 

• Actual GAC breakthrough timing and requirements, depending on actual pretreated water quality 

• Actual AIX breakthrough timing and requirements, depending on actual GAC effluent water 

quality 

• Potential for GAC fouling, limiting bed life over PFAS breakthrough 

• Relative balancing of changeout priority for GAC versus AIX media 
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• Pretreatment processes needed and an ability to meet pretreatment targets 

• Location and incineration fees of a selected high-temperature incineration facility 

6.3.4 Alternative 6b (Municipal Wastewater) 

Alternative 6b includes both GAC and AIX sorption processes, as previously described for Alternative 6a, 

with the addition of an RO membrane pre-concentration step. Tertiary treated water would route through 

an RO membrane separation process, with membrane concentrate routed to the lead-lag GAC adsorption 

pressure vessels followed by AIX pressure vessels. Membrane permeate would be blended with AIX 

effluent for discharge. This process flow is summarized in Figure 6-10.  
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Figure 6-10 Conceptual process flow diagram for Alternative 6b for municipal wastewater 

Key design basis assumptions for Alternative 6b are listed in Table 6-7, with a detailed design basis in 

Appendix E. 
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Table 6-7 Summary of design basis assumptions for Alternative 6b for municipal wastewater 

Design Parameter 
Basis 

0.1 MGD/70 gpm 1 MGD/700 gpm 10 MGD/7,000 gpm 

RO 

Recovery (%) 85 85 85 

Flux (gal./sq. ft/day) 16 16 16 

GAC 

Vessel capacity (lb) 800 6,000 20,000 

Number of trains 2 2 4 

Number of vessels 4 4 8 

EBCT per vessel (min) 15 15 15 

HLR (gpm/sq. ft) 3.2 1.9 2.4 

Estimated bed volumes to breakthrough[1] 8,100 8,100 8,100 

GAC disposal route 
High-temperature 

incineration 

Dedicated 

reactivation 

Dedicated 

reactivation 

AIX 

Vessel capacity (cu. ft) 5 40 200 

Number of trains 3 2 3 

Number of vessels 6 4 6 

EBCT per vessel (min) 4 4 4 

HLR (gpm/sq. ft) 3.8 7.8 7.3 

Estimated bed volumes to breakthrough[2] 140,000 140,000 140,000 

AIX disposal route 
High-temperature 

incineration 

High-temperature 

incineration 

High-temperature 

incineration 

[1] Defined as the estimated volume of water treated through the lead media vessel until the first detection of PFAS at 5 ng/L. 

Described further in Section 5.3.4 and Appendix D. 

[2] Bed volumes to breakthrough shown assume one media bed replacement per year. 

Figure 6-11 and Figure 6-12 illustrate estimated capital and annual O&M costs for a range of influent flow 

rates. These costs do not include pretreatment costs described in Section 6.5. Detailed capital and O&M 

cost estimates are in Appendix E. 
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Figure 6-11 Capital cost curve for Alternative 6b for municipal wastewater 

 

Figure 6-12 O&M cost curve for Alternative 6b for municipal wastewater 

Estimated capital costs for the RO plus a two-media adsorption system, including both GAC and AIX 

(Alternative 6b), are lower than those estimates for the two-media system without RO (Alternative 6a). 

While the RO membrane equipment adds additional costs, the sorption media vessel sizing can be much 

smaller because the media influent flow is the membrane concentrate, which is lower than the total 

treated effluent flow routed to sorption media for Alternative 6a. O&M costs for the system with RO are 

higher than Alternative 6a due to similar media use rates but added O&M costs for RO operation.  

Primary uncertainties for Alternative 6a for municipal wastewater treatment include the following: 

• Achievable recovery of RO membranes and associated energy usage 

• Fouling potential of RO membranes, depending on actual pretreated water quality 
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• Fouling potential of GAC and AIX media treating RO concentrate as a result of concentrated salts 

and metals 

• Potential for GAC fouling limiting bed life over PFAS breakthrough 

• Actual GAC breakthrough timing and requirements, depending on actual pretreated water quality 

• Actual AIX breakthrough timing and requirements, depending on actual GAC effluent water 

quality 

• Relative balancing of changeout priority for GAC versus AIX media 

• Pretreatment processes needed and ability to meet pretreatment targets 

• Location and incineration fees of selected high-temperature incineration facility 

6.4 PFAS Removal Performance and Reliability 

The relative ability of each alternative to meet treatment goals of <5 ng/L for target PFAS is summarized 

in Table 6-8. The single GAC or AIX sorption process included with Alternative 1a or 2a is expected to 

meet limits the majority of the time, with some risk for breakthrough of short-chain PFAS between 

monitoring events. Including both GAC and AIX processes in series increases the reliability of consistent 

removal by providing an additional treatment buffer before discharge. Including RO (Alternative 6b 

versus 6a) has limited effect on PFAS removal because the PFAS removal mechanism is the same GAC 

sorption process. Specific references for PFAS removal efficiency are detailed further in Appendix C. 

Table 6-8 PFAS removal performance and reliability for municipal WRRF effluent treatment 

alternatives 

Target 

PFAS 

Assumed 

Influent 

Concentration 

(ng/L) 

Percent 

Removal 

to Achieve  

<5 ng/L 

Relative Ability to Consistently Meet Targets 

1a: GAC  2a: AIX  
6a: 

GAC/AIX  

6b: RO with 

GAC/AIX 

PFBA 15 67% Moderate Moderate High High 

PFBS 15 67% Moderate Moderate High High 

PFHxA 30 83% Moderate Moderate High High 

PFHxS 5 0% High High High High 

PFOA 40 88% High High High High 

PFOS 5 0% High High High High 

6:2 FTS 5 0% High High High High 
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6.5 Example Pretreatment and Retrofit Options for PFAS Separation 

Technologies Applied to WRRF Effluent 

As described in Section 6.1.2, the effluent water from WRRFs used in this study will need to be pretreated 

with tertiary treatment (filtration) to achieve pretreatment targets that will limit the fouling of downstream 

PFAS removal processes. Due to the inclusion of RO membrane separation or sorption media pressure 

vessels, all PFAS management alternatives evaluated for municipal WRRF effluents are expected to require 

pretreatment, either in the form of a process upgrade or a new treatment process. 

One example of a tertiary treatment upgrade that could meet pretreated water quality parameters is a 

membrane bioreactor (MBR). The MBR process is similar to a conventional activated sludge system, but 

active biomass is retained using microfiltration membranes rather than a separate secondary clarifier 

(settling tank). The MBR configuration permits the operation of the activated sludge process with a higher 

biomass concentration, which reduces footprint needs. A microfiltration membrane also provides high-

quality effluent with lower concentrations of suspended solids and organic material than conventional 

activated sludge with settling. Only eight WRRFs in Minnesota have MBR processes installed, and only 

four of those treat their entire flows with MBR. 

This section summarizes estimated costs to achieve pretreatment needs using MBR when starting with 

municipal wastewater treated with activated sludge or by stabilization ponds. Retrofitting a WRRF using 

conventional activated sludge to include tertiary filtration, potentially with coagulation and flocculation, 

also has the potential to meet pretreatment targets, depending on site-specific conditions. MBRs were 

chosen over adding a tertiary media filtration process to a conventional activated sludge facility because 

the costs are expected to be similar, especially when nutrient removal is also required, and MBR provides 

higher quality effluent with respect to solids concentrations (Brepols, Schäfer, and Engelhardt 2010; Young 

et al. 2014). 

The conceptual pretreatment cost estimates did not include a detailed feasibility study or any design for 

site-specific requirements. Pretreatment needs are expected to vary by facility due to differences in 

existing infrastructure, water quality, space availability, and other site-specific constraints. Thus, the 

degree of detail included in this Report for pretreatment is less than that provided for PFAS treatment 

alternatives in subsequent sections. The conceptual pretreatment costs shown are intended to provide an 

order-of-magnitude estimate for potential pretreatment costs. Facilities looking to implement PFAS 

treatment should conduct site-specific treatment evaluations prior to capital planning or 

implementation.  

While existing PFAS separation technologies commercially available at the scale of WRRF effluent 

treatment require tertiary treatment quality upstream of PFAS separation, future and developing PFAS 

removal technologies may have lower pretreatment requirements. These technologies may be able to 

treat WRRF secondary effluent without additional tertiary treatment or could potentially augment PFAS 

removal during secondary treatment.  
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6.5.1 Example Pretreatment Retrofit for Existing Activated Sludge Treatment 

Minnesota has over 300 activated sludge municipal WRRFs continuously treating wastewater. Retrofitting 

one of these plants with MBR technology could be done by using existing aeration basins and equipment, 

with membranes added directly to the existing aeration tanks, within the existing clarifier, or in separate 

new tanks. An MBR retrofit may also simultaneously increase treatment capacity while improving 

treatment performance. The approach and costs described below describe the retrofit of a typical 

activated sludge system to include an MBR. However, this approach will not be appropriate for all 

systems. The evaluation and selection of pretreatment and retrofit processes should be undertaken 

specifically for each facility seeking to implement a PFAS management approach. 

The cost estimates developed for this Report include the following changes and additions for retrofitting 

an activated sludge WRRF to an MBR operation: 

• Retrofit of existing aeration basins to fit membranes 

• Purchase and installation of membranes  

• Decommissioning or conversion of secondary clarifiers 

• Installation of additional blower capacity for air scour and increased process aeration 

While retrofit costs will vary significantly among WRRFs, converting an existing activated sludge facility 

with secondary clarification to MBR could range from 50% to 75% of the cost of a new MBR facility for a 

given flow capacity. Figure 6-13 presents a Class 5 (AACE) cost curve (+100%/-50%) for capital costs to 

retrofit a conventional activated sludge treatment facility to MBR treatment as described above. These 

costs are based on four MBR retrofits reported in Minnesota between 2016 and 2022 (Kyser 2022) and 

adjusted to November 2022 costs using the Engineering News Record (ENR) Construction Cost Index 

(CCI). The modeled cost curve was forced to a power factor of 0.6, consistent with the conventional 0.6 

power factor for Class 5 (AACE) wastewater cost estimating (Tribe and Alpine 1986) and similar to the 

empirical power factor observed (0.67). 
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Black dots reflect actual costs for retrofit installations in Minnesota. The dashed line reflects the estimated cost 

curve. Black lines reflect +100%/-50% cost range. All costs scaled to November 2022 using ENR CCI. 

Figure 6-13 Capital cost curve for retrofitting conventional activated sludge to MBR 

Additional considerations for retrofitting a conventional activated sludge WRRF to MBR are listed below 

(Bagg 2009; Brepols et al. 2008): 

• Flat-sheet or hollow fiber membranes—hollow fiber at lower depths 

• Existing tank sizing and configuration—put membranes in or add separate membrane tank 

• Upgraded screening to remove particles (from 3–12 mm to <0.5–3 mm screens) and associated 

headloss 

• Hydraulic profile updates with membrane and screening addition and removal of clarifiers  

• Energy demand of membrane air scour and increased process aeration needs for higher MLVSS 

concentration 

• Higher RAS flow rates needed for MBRs than conventional activated sludge 

• Foam management 

• Nutrient removal processes and requirement 

• Access for installation, maintenance, and operation 

6.5.2 Example Pretreatment Retrofit for Existing Stabilization Ponds 

Retrofitting an existing stabilization pond WRRF to include tertiary filtration would require significantly 

more investment and expansion than retrofitting an activated sludge WRRF and could be more similar to 

a greenfield installation than a retrofit. More WRRFs in Minnesota have stabilization ponds than activated 

sludge, especially in greater Minnesota, due to lower wastewater production rates and higher land 

availability in small communities. 
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The cost estimates developed in this Report assume that upgrading a stabilization pond facility includes 

the following changes and additions to accommodate an MBR system: 

• Primary treatment, including screening, grit removal, and primary clarification (potentially could 

repurpose stabilization ponds) 

• Aeration basins and diffusers 

• Blowers and aeration control equipment 

• MBR membranes  

• Operational control system with an operator interface and associated measurement devices 

• Pond decommissioning 

For this study, converting a stabilization pond WRRF to an MBR system was assumed to require 90%–

100% of the full cost of a new MBR facility for a given flow capacity. Figure 6-14 shows a Class 5 (AACE) 

cost curve (+100%/-50%) for capital costs to retrofit a stabilization pond WRRF to MBR treatment as 

described above. These estimates were based on reported MBR capital costs for one installation in 

Minnesota (Kyser 2022) and literature reports of MBR costs (Young et al. 2014; DeCarolis et al. 2007; Lo, 

McAdam, and Judd 2015; Brepols, Schäfer, and Engelhardt 2010). All were adjusted to November 2022 

costs using the ENR CCI and standardized to include allowances for mechanical, electrical, piping, site 

work, and contractor overhead; profit, contingency, and engineering; and legal and administration fees. 

 

Black dot reflects the actual cost for one new MBR installation in Minnesota. Grey dots reflect costs from Young 

et al. 2014; DeCarolis et al. 2007; Lo, McAdam, and Judd 2015; Brepols, Schäfer, and Engelhardt 2010. The solid 

line reflects the estimated cost curve. Dashed lines reflect +100%/-50% cost range. All costs scaled to November 

2022 using ENR CCI. 

Figure 6-14 Capital cost curve for new MBR installation for a stabilization pond system, 

including the cost to replace stabilization ponds 
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Other potential considerations for retrofit of a stabilization pond WRRF to an MBR system would include 

the activated sludge retrofit considerations listed in Section 6.5.1 as well as the following: 

• Depending on the preferences of the WRRF, the existing stabilization ponds or a smaller pond 

footprint could be used for primary treatment and/or equalization ahead of the MBR instead of 

the mechanical primary treatment included above. 

6.6 Other Considerations for Municipal WRRF Effluent 

Which PFAS management alternative is most economically feasible for specific WRRFs will depend upon 

site-specific capacity, treatment goals, space availability, and operational preferences.  

• Activated sludge WRRFs with flows higher than 1 MGD are likely to see the economic benefit of 

including an RO concentration step upstream of media sorption or AIX, as proposed in 

Alternative 6b. The payback period for RO will be less favorable for smaller facilities.  

• Specific treatment targets will also affect technology selection, with facilities targeting primarily 

long-chain compounds more able to rely upon one media sorption process. Facilities targeting 

short-chain compounds at low concentrations or with strict permit limits disallowing daily 

exceedances may benefit from multiple media sorption processes in series, as proposed in 

Alternatives 6a and 6b.  

• The decision to select one of these PFAS management alternatives and implement it at a WRRF 

will vary site by site based on the PFAS management strategy, existing infrastructure, existing 

effluent water quality, and actual treatment targets. Another consideration is that municipal WRRF 

effluent has a larger volume and lower PFAS concentrations than other liquid municipal waste 

streams evaluated in this study. The Metro Plant WRRF in Saint Paul, Minnesota, produces over 

300 MGD of treated effluent. This relatively large flow with dilute PFAS concentrations highlights 

the challenges of downstream PFAS management. Future evaluation of PFAS management in 

WRRF effluent should consider further concentration processes, especially those with limited 

pretreatment needs. For example, foam fractionation presents a potentially appealing alternative 

because the volume of concentrated PFAS waste produced could be as low as a millionth of the 

initial water volume. However, additional studies to improve short-chain PFAS removal and 

equipment scale-up concerns limit current applications of foam fractionation for treating WRRF 

effluent.  

• Large WRRFs implementing PFAS removal from effluent may be justified in building on-site 

destruction facilities for sorption media, foam fractionation foamate, or RO concentrate. Smaller 

WRRFs will need to use either existing or future regional facilities developed for that purpose. 
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7 Municipal Wastewater Biosolids 

Management of municipal WRRF biosolids in Minnesota is currently accomplished using a combination of 

land application, landfilling, reed bed disposal, and sewage sludge incineration (SSI) (Beecher et al. 2022). 

While SSI has demonstrated the capability to destroy PFAS in some studies, depending on the design and 

operating conditions (L. J. Winchell et al. 2021b), the SSIs in Minnesota do not operate at the 

temperatures required for PFAS destruction. To date, none of the biosolids management techniques 

practiced in Minnesota destroy PFAS. Technologies that could be added to existing WRRFs to destroy 

PFAS in solids are discussed in this section. 

7.1 Project Assumptions for Municipal Wastewater Biosolids 

7.1.1 Description and Scale of Required Treatment 

Biosolids are the byproducts of wastewater treatment (including microorganisms grown within the WRRF 

and solid materials) that have been stabilized in an additional process, such as anaerobic digestion. 

Wastewater solids treatment techniques vary depending on WRRF treatment processes and the solids 

end-use plan. The majority of WRRFs in Minnesota use one of the following wastewater treatment 

processes:  

• Conventional activated sludge treatment, including grit removal, aeration, sludge settling, 

disinfection, and solids stabilization via anaerobic digestion. Some WRRFs include primary 

clarification, which produces primary sludge. Conventional activated sludge treatment results in 

the continuous production of solids from wasted activated sludge. 

• Stabilization pond treatment, including treatment in unaerated stabilization ponds, disinfection, 

and in-situ anaerobic digestion of solids that have settled to the bottom of the ponds. Solids in 

stabilization ponds digest naturally, decreasing in volume over time. Stabilization pond treatment 

systems are typically designed to accumulate solids for up to five years. When the solids blanket 

in the pond reaches the cleanout level, biosolids are either pumped from the pond or dredged 

from the dewatered pond using front-end loaders.  

Both treatment processes typically result in biosolids with 3–5% solids (by volume). Biosolids treatment for 

PFAS removal considered in this study was assumed to begin at the point of biosolids discharge from the 

stabilization process (i.e., anaerobic digester) at a conventional activated sludge WRRF or the stabilization 

pond.  

Biosolids production is dependent on each WRRF’s unique influent loading and operating conditions. 

Each WRRF has a unique influent solids flow rate, activated sludge production rate, and volatile solids 

reduction rate. A WRRF with an influent flow of 1 MGD could produce approximately 0.08 to 1.0 dry tons 

of wastewater solids per day (dtpd) based on Minnesota-specific data. A general rule of thumb used in 

the remainder of this Report is to assume that a 1 MGD WRRF produces approximately 1 dtpd of 

biosolids.  
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7.1.2 Biosolids PFAS Concentrations and Treatment Targets  

Target PFAS selection by waste stream was detailed previously in Section 2.3. The PFAS identified as most 

relevant in biosolids include long-chain PFAAs and PFAS precursors that partition to biosolids. PFAS 

presence within a WRRF and associated biosolids are variable and reflective of ongoing consumer and 

industry changes (EGLE 2020). Typical and high concentrations of PFAS in biosolids used to support the 

design basis and cost estimates for this study are summarized in Table 7-1. These values are not intended 

to reflect the full range of PFAS concentrations that can be present in WRRF biosolids. The treatment 

target for the selected PFAS compounds is 5 ng/g, as described in Section 2.4, which is the detection limit 

for PFAS in biosolids at the time of this study.  

Table 7-1 Assumed influent concentrations and treatment goals for target PFAS for 

municipal WRRF biosolids (all units in ng/g) 

Value Type Typical [1] High [1] 
Treatment 

Target 

PFBA 2 5 5 

PFBS 20 40 5 

PFHxA 5 15 5 

PFHxS 15 30 5 

PFOA 60 200 5 

PFOS 400 600 5 

PFOSA 20 70 5 

N-EtFOSAA 30 60 5 

N-MeFOSAA 100 200 5 

[1] Data from Venkatesan and Halden (2013) and Helmer et al. (2022). 

This study does not include specific treatment targets for the non-PFAS compounds in biosolids. However, 

the treatment methods for PFAS in biosolids will decrease both the volatile solids and water content in the 

biosolids. 

7.1.3 Biosolids Composition and Characteristics  

Table 7-2 summarizes the assumed characteristics of biosolids entering the PFAS management strategy. 

These characteristics were selected to represent typical municipal WRRF biosolids after anaerobic 

digestion. Example technologies and costs to achieve targeted solids content for pyrolysis or gasification 

and SCWO are discussed in Section 7.4. Biosolids have a higher concentration of organic material and 

nutrients than wastewater due to the higher solids content. The biosolids production rate was selected 

with the following considerations: 

• This study's municipal WRRF influent rate was 0.1 to 10 MGD, corresponding to roughly 0.1 to 

10 dtpd. Actual biosolids production rates by facility may vary significantly from this range based 
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on processes used for wastewater treatment and solids management as well as incoming 

wastewater characteristics. 

• The minimum solids feed rate for PFAS destruction technologies is 1 dtpd, so the range evaluated 

for on-site biosolids management was 1 to 10 dtpd. 

• WRRFs producing less than 1 dtpd of solids could partner with other local WRRFs to accumulate 

enough biosolids to meet the minimum PFAS destruction process feed rate. 

Table 7-2 Assumed composition and characteristics of municipal WRRF biosolids feed to 

PFAS destruction technologies 

Parameter  Unit 
Characteristics of WRRF 

Biosolids 

Biosolids to dewatering process following anaerobic digestion or 

lagoon treatment process 
dtpd 1–10 

Total solids, pre-dewatering % 2–4 

pH 
Standard 

Units 
7–8 

Total solids, dewatered for drying [1] % 25 

Total solids, dried for pyrolysis or gasification % 90 

Total solids, dewatered for SCWO % 15 

[1] Pyrolysis/gasification vendors supply the solids dryer(s) and pyrolysis/gasification unit(s) as a system package. 

7.2 PFAS Management Alternatives Evaluation Results 

Each PFAS management alternative identified for biosolids PFAS separation and destruction in Section 4.2 

was scored for each evaluation criterion described in Section 5.1.1 for municipal WRRF biosolids. The 

highest individual and weighted scores indicate the most favorable alternative.  

Two evaluation criteria were different for biosolids treatment than for liquid-phase treatment. PFAS 

separation efficiency does not apply to biosolids treatment technologies. All treatment technologies 

evaluated for biosolids destroy the compounds rather than separating the compounds from the biosolids. 

In addition, pyrolysis, gasification, and SCWO systems have opportunities to recover heat energy from the 

process to reduce the energy input requirements or generate electricity, so energy recovery was included 

as a sub-criterion. 

7.2.1 Evaluation Scoring Results 

Evaluation results are summarized in Table 7-3 and described in subsequent sections. Specific criteria and 

sub-criteria were previously defined in Section 5.1. Based on the screening, pyrolysis/gasification with 

thermal oxidation and SCWO were retained for preliminary design and cost curve development. The 

rationale for considering pyrolysis and gasification as a single technology is described in Section 7.2.5.  
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Table 7-3 Alternatives evaluation results for municipal WRRF biosolids 

Alternative Number 1 2 3 

PFAS separation technology N/A N/A N/A 

PFAS destruction technology 
Pyrolysis / 

Thermal oxidation 

Gasification / 

Thermal oxidation 
SCWO 

Technical Feasibility weight 41 41 35 

PFAS separation efficiency N/A N/A N/A N/A 

PFAS destruction efficiency 5 3 3 3 

Degree of commercialization  4 3 3 1 

Reliability of performance 4 2 2 2 

Simplicity of operation/maintenance  2 1 1 2 

Operator and public health 2 2 2 2 

Economic Feasibility weight 32 32 40 

Relative capital costs 4 1 1 3 

Relative operation and maintenance 

costs  
3 2 2 3 

Relative energy consumption 2 2 2 3 

Relative complexity and cost of 

pretreatment 
1 2 2 2 

Energy recovery options  2 3 3 3 

Applicability at scale 5 2 2 1 

Byproduct Management weight 13 13 13 

Beneficial reuse opportunity for water 

or byproducts 
3 3 3 3 

Potential for media shifting of PFAS 2 2 2 2 

Total Score 86 86 88 

Retained? x[1] x[1] x[1] 

[1] Pyrolysis and gasification with thermal oxidation are similar processes and use the same equipment. The project team 

determined that they could be considered together as a single technology. Additional details follow in this section. 

7.2.2 Technical Feasibility 

While pyrolysis, gasification, and SCWO are established technologies for treating other waste materials, 

using these technologies to destroy PFAS in biosolids is relatively new. Many studies are underway to 

improve our understanding of how to apply these technologies for PFAS in biosolids and the fate and 

transport of PFAS during treatment. This study evaluated the technical feasibility of treating biosolids for 
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PFAS using currently available data. As more research is completed, it is anticipated that future scores may 

be different. 

All three technologies received high scores for PFAS destruction efficiency, with over 99% reduction in 

concentrations of measured PFAS compounds in treated biosolids (Thoma et al. 2022; Davis 2020; Krause 

et al. 2022).  

Pyrolysis and gasification systems are commercially available and currently operating to treat municipal 

WRRF biosolids. They were assigned an individual score of 3. SCWO was not commercially available for 

biosolids treatment at the time of this study and was scored lower than the other two technologies. 

However, demonstration testing of a commercial prototype is expected to begin at Orange County 

Sanitation District in California in 2023.  

All three technologies scored a 2 for reliability of performance. They work well within their design 

conditions, but variability in influent biosolids, flow rate, organics concentration, or moisture content may 

impact performance. In addition, the high capital cost of these systems makes it unlikely that utilities will 

have a duplicate standby system. If a critical component of a PFAS destruction system is inoperable, the 

entire process will need to stop and biosolids would need to be stored.  

Pyrolysis and gasification scored lowest for simplicity of operation/maintenance. The technologies 

include thermal drying and pyrolysis/gasification, which require operator training and attention at a 

higher level than for a typical biosolids treatment process. SCWO requires less specialized training and 

was scored as a 2. 

All three technologies scored a 2 for operator and public health, indicating they have a moderate 

additional health risk beyond a typical biosolids treatment process. The systems include very hot unit 

processes, posing increased risk to operators. In addition, thermal drying can produce dust and create an 

explosion hazard. SCWO systems operate at high temperatures and pressure, increasing the risk to plant 

staff. 

The complete, weighted scoring for the three technologies resulted in pyrolysis and gasification having 

the same technical feasibility score of 41, while SCWO scored 35. The primary reason for the low SCWO 

score was its low score for commercial availability, which is highly weighted to reflect the importance of 

currently feasible technologies. 

7.2.3 Economic Feasibility 

In the categories of relative capital cost, relative O&M costs, and relative energy consumption, 

SCWO scored higher than pyrolysis and gasification. Recent vendor cost estimates per wet ton for SCWO 

are lower than for the other technologies. Operation and maintenance costs are also expected to be lower 

for SCWO due to lower energy requirements.  
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Pyrolysis, gasification, and SCWO all scored 2 for relative complexity and cost of pretreatment. All 

require dewatering as pretreatment prior to PFAS destruction, which is a common biosolids process but 

requires added equipment, operator time, and maintenance attention.  

All three technologies scored high for energy recovery. The systems are designed to transfer heat from 

the treatment process exhaust gases to the initial portion of the treatment process, reducing the demand 

for external energy. 

Currently, none of the technologies are commonly used or available at scale to treat PFAS in biosolids. 

However, pyrolysis and gasification systems are used at a few facilities, with several vendors supplying 

full-scale systems. Pyrolysis and gasification scored a 2 for this category to reflect a minimal commercial 

application of these technologies for PFAS treatment in biosolids. SCWO has no commercially available 

systems at this time and scored lowest in the category. 

Despite the low score for SCWO’s applicability at scale, the combined weighted score for economic 

feasibility was higher than pyrolysis or gasification, reflecting the relative importance of capital and O&M 

costs in the scoring for this category.  

7.2.4 Byproducts Management 

All three technologies scored a 3 for the beneficial reuse of water or byproducts. Pyrolysis and 

gasification produce biochar, which has multiple uses and returns heat to the process. The temperature of 

the operation dictates the amount of biochar produced and the energy recovered. SCWO produces clean 

water, inert gases, and mineral salts.  

All three technologies received a score of 2 for potential media shifting of PFAS. The possibility of PFAS 

media shifting is unknown and an area of ongoing research. 

7.2.5 PFAS Management Alternatives for Preliminary Design 

SCWO had the highest combined weighted score (88) of the PFAS destruction technologies for biosolids. 

SCWO was carried forward to preliminary design and cost analysis for municipal WRRF biosolids. 

The combined weighted scores for pyrolysis with thermal oxidation and gasification with thermal 

oxidation were the same: 86. Pyrolysis and gasification were considered similar enough in equipment, 

solids and energy inputs, and biochar production to be evaluated as a single alternative for preliminary 

design. Based on the screening, pyrolysis/gasification with thermal oxidation and SCWO were retained for 

preliminary design and cost curve development.  

7.3 Alternative Preliminary Design and Cost Curve Development 

7.3.1 Supercritical Water Oxidation (Wastewater Biosolids) 

In this treatment alternative, dewatered biosolids at 15% of total solids are conveyed to the SCWO 

process inlet. The first component is a heat exchanger used to raise the temperature of the biosolids 

before SCWO. SWCO reactor effluent is routed through an economizer and liquid/gas separator. 
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Separated gas is used to produce energy and is vented to the atmosphere, with condensate available for 

discharge or reuse. Solids leaving the liquid/gas separator enter a cooler, and recovered heat is used to 

preheat incoming biosolids. Water is separated from resulting solids in a clarifier, with cooled solids 

routed to disposal or beneficial reuse. This process flow is summarized in Figure 7-1. 
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Figure 7-1 Conceptual process flow diagram for biosolids supercritical water oxidation 

Currently, a single manufacturer is marketing SCWO systems for destroying PFAS in biosolids in the 

United States. The systems are sold as an equipment package and include all the unit processes shown in 

Figure 7-1. The manufacturer sizes the unit processes based on the rated treatment system capacity. The 

system sizes currently available are shown in Table 7-4. 

Table 7-4 SCWO system sizing 

Available SCWO System Sizes 
Treatment Capacity, Wet Metric 

Tons per Day (15% total solids) 
Treatment Capacity (dtpd) 

SCWO 6 6 1.0 

SCWO 30 30 5.0 

SCWO 200 200 33 

 

The selection of the SCWO system size for a given facility is based on the dewatered biosolids feed rate, 

with proposed pricing and sizing for systems between six and 200 wet tons per day (1 to 33 dtpd). The 

system is a continuous treatment process. External fuel is needed to bring the treatment process to 

operating temperature. Once at temperature, SCWO systems require minimal external fuel. Thus, running 

periodic treatment campaigns is not a recommended operating strategy. Facilities treating less than 

1 dtpd may not be good candidates for an individual SCWO system. SCWO units can be operated in 

parallel to treat flow rates of biosolids that fall between the individual treatment unit capacities.  
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The SCWO system is provided within containerized modular units (smaller units) or on a series of skids 

(large unit). A contractor will connect the biosolids feed piping, electrical and controls wiring, natural gas, 

and water to the package treatment units. In cold-weather areas like Minnesota, the SCWO system will be 

enclosed within a climate-controlled building. In temperate climates, the system may be installed in a 

covered area but does not require a full enclosure. 

The development of the cost curve for SCWO was based on the selection of the size and number of units 

to meet an incremental solids load increase. The SCWO system design basis and assumptions are listed in 

Table 7-5 and reflect manufacturer recommendations for feedstock total solids and minimum heating 

value. 

Table 7-5 Summary of design basis assumptions for supercritical water oxidation for 

biosolids 

Design Parameter Low Loading High Loading 

Dewatered biosolids load (dtpd) 0.99–4.0 5.0–10 

Total solids (%TS) 15% 15% 

Minimum heating value (BTU/dry lb) 5,000 5,000 

Treatment capacity (dry ton/treatment unit) 0.99 5.0 

Number of treatment units 1–4 1–6 

Operating schedule 24 hours, 7 days/week 

PFAS removal estimate for target PFAS 99% (Krause et al. 2022) 

 

Figure 7-2 illustrates estimated capital costs for a range of solids loading rates. These costs do not include 

pretreatment costs described in Section 7.5. Detailed capital cost estimates are in Appendix E. 

 

Figure 7-2 Capital cost curve for biosolids SCWO 
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The demonstration project for full-scale SCWO systems for biosolids is currently in construction, so 

minimal information is available on operation and maintenance costs for the full-scale operations. The 

SCWO manufacturer provided the predicted energy use for each unit size. The smallest SCWO systems are 

expected to consume 300 kWh of electricity per day. Larger SCWO systems that process over five dtpd or 

more are expected to produce electricity if paired with a generator. The annual O&M costs shown in 

Figure 7-3 include the electricity costs and savings, natural gas for startup, maintenance, materials, and 

labor.  

 

Figure 7-3 O&M cost curve for biosolids SCWO 

Factors that influence the O&M costs include the heating value of the biosolids, oxidation potential, and 

savings from eliminating biosolids disposal costs. SCWO systems that run continuously offer energy 

savings by avoiding natural gas use for repeated startups; some have the potential to be energy-positive 

and electricity-producing. 

Primary uncertainties for SCWO treatment of biosolids include the following:  

• Documented commercial prototype performance with processing biosolids  

• Reliability of continuous operation  

• Technology robustness at a commercial scale 

• Required maintenance and frequency of parts replacement 

• Robustness against corrosion, plugging, and deposition of salts in the system components 

• Performance of PFAS destruction at commercial scale 

• Limited data available for comparing costs with conventional technologies  
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7.3.2 Pyrolysis/Gasification with Thermal Oxidation (Wastewater Biosolids) 

As noted previously, gasification and pyrolysis are similar processes. They use similar equipment and 

process strategies, resulting in similar process outputs, and the costs for construction and operation are 

similar. Thus, both processes were evaluated as a single alternative for this study. 

Pyrolysis or gasification of biosolids is a two-step process. First, dewatered biosolids at roughly 25% solids 

are dried to 75–90% solids in a biodryer or thermal dryer. The dried biosolids are then processed in the 

pyrolysis or gasification reactor unit. Literature indicates that gasification and pyrolysis reactors are 

operated at different temperatures. However, in practice, they are both operated at a wide range of 

temperatures that overlap. Gasification uses limited oxygen during operation, while pyrolysis uses no 

oxygen. Biochar from the pyrolyzer/gasifier is collected for beneficial use or disposal at a landfill and is 

documented to have non-detect PFAS. Biochar could potentially be used as a sorbent for PFAS in other 

waste streams, though full-scale application is limited. as discussed in more detail in Appendix B. 

Pyrogas or syngas is generated from the process and contains PFAS compounds. If the gas is to be used 

for electricity production, it is routed to an oil/tar condenser to remove oil, tar, and other impurities. Oil 

and tar are routed directly to the thermal oxidizer, while the gas continues on to a scrubber before being 

used as generator fuel. Exhaust from the generator is returned to the thermal oxidizer and processed 

through the exhaust gas scrubber. If the gas is to be thermally oxidized for recoverable heat generation, 

oil/tar condensing and gas scrubbing upstream of the thermal oxidizer are unnecessary. Research to date 

has shown that PFAS are destroyed when the thermal oxidation temperature is above 1,000°C. Thermal 

oxidizer exhaust is processed through an additional exhaust scrubber before venting to the atmosphere. 

This process flow is summarized in Figure 7-4. 
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Figure 7-4 Conceptual process flow diagram for biosolids pyrolysis/gasification with thermal 

oxidation 

The dryer and pyrolysis/gasification system can be provided as a complete equipment package by a single 

vendor. Alternatively, the pyrolysis/gasification unit can be supplied separately from the dryer if the WRRF 

already has a biosolids dryer. For this study, WRRFs were assumed to not have an existing biosolids dryer. 

Selection of the pyrolysis/gasification system size is based on the dewatered biosolids feed rate. 

Continuous dryer and pyrolysis/gasification unit operation is recommended to minimize the demand for 

natural gas during the treatment startup process. Once the process reaches operating temperature, the 

energy in the biosolids may be sufficient to fuel the process without natural gas input. The minimum 

biosolids feed rate for autogenous (self-fueling) pyrolysis/gasification system operation is approximately 

1 dtpd.  

The dryer and pyrolysis/gasification units are typically separate unit processes connected by process 

piping. The vendor provides the connections for smaller systems. The system owner typically must provide 

the connections for the larger systems and the connection to the thermal oxidizer system. For all system 

sizes, a contractor will connect the biosolids feed piping, electrical and controls wiring, natural gas, and 

water to the treatment units. In cold-weather areas, the dryer and pyrolysis/gasification system would be 

enclosed within a climate-controlled building. In temperate climates, the system may be installed in a 

covered area but does not require full enclosure. 

Development of the cost curve for biosolids pyrolysis/gasification systems was based on three recent 

pyrolysis/gasification system designs prepared for WRRFs producing 10 dtpd of biosolids or less. The 

primary design parameters are summarized in Table 7-6.  
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Table 7-6 Summary of design basis assumptions pyrolysis/gasification with thermal 

oxidation for biosolids 

Design Parameter Low Mid High 

Dewatered biosolids load (dtpd) 2 6 10 

Total solids (%TS) 25% 25% 25% 

Evaporation rate (lb water/hour) 560 1,400 2,400 

Number of dryers 1 1 1 

Type of thermal dryer Paddle Paddle Belt 

Total solids of dried product (%TS) 90% 90% 90% 

Pyrolysis/gasification unit capacity (dtpd each) 3 3 10 

Number of pyrolysis/gasification units 1 2 1 

Operating schedule 24 hours, 7 days/week 

Removal estimate for target PFAS 99.5% 

 

The resulting construction costs were plotted against the associated biosolids feed rate in dry tons per 

day, resulting in the cost curve shown in Figure 7-5. These costs do not include the pretreatment costs 

described in Section 7.5. Detailed cost tables are in Appendix E. 

 

Figure 7-5 Capital cost curve for biosolids pyrolysis/gasification with thermal oxidation 

Operation and maintenance costs for dryer and pyrolysis/gasification systems will vary depending on the 

type of dryer and pyrolysis/gasification unit selected. Recent O&M estimates prepared for 

pyrolysis/gasification system design projects were studied to develop a range of costs based on the dry 

tons per day of system capacity. The O&M costs included electricity, natural gas for startup, chemicals, 

operation labor, and maintenance materials. The annual O&M costs for small systems (up to 10 dtpd) are 

shown in Figure 7-6. 
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Figure 7-6 O&M costs for biosolids pyrolysis/gasification with thermal oxidation 

Gasification and pyrolysis are well-established technologies for biowaste conversion to energy. However, 

using them for biosolids processing is emerging. There are several vendors commercially marketing 

various configurations of each process. The main obstacle these technologies need to overcome is the 

lack of a long-term, sustainable operation record. Other primary uncertainties for pyrolysis/gasification 

with thermal oxidation for biosolids include the following: 

• Energy efficiency and balance, which is vendor-specific  

• Documented destruction of PFAS during the process, mainly documenting PFAS destruction in 

the syngas at full-scale biosolids processing operations 

• Required maintenance due to lack of long-term operating history of these systems  

• Use and value of end products; the biochar market is not yet well developed 

7.4 PFAS Removal Performance and Reliability  

Both pyrolysis/gasification and SCWO are maturing processes with limited full-scale operations. However, 

various studies of PFAS in pyrolysis/gasification products (biochar) have shown non-detect PFAS 

concentrations (Davis 2020, Thoma et al. 2022). Limited data are available for the air phase from the 

pyrolysis/gasification; however, the process would be coupled with thermal oxidation, which has been 

shown to destroy PFAS at temperatures greater than 1,000°C. SCWO has been shown to destroy PFAS at a 

lab scale but does not have full-scale operational data (at the time this study was produced). 

7.5 Example Pretreatment for PFAS Destruction Technologies 

Applied to Biosolids 

The water content of stabilized biosolids must be reduced prior to any PFAS destruction alternatives for 

biosolids. The target solids percentage is dictated by the specific destruction technology. Water removed 
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from the biosolids in dewatering and any equipment wash water would be collected and returned to the 

liquid wastewater treatment process.  

7.5.1 Example Pretreatment for SCWO 

Biosolids fed to a SCWO system must be dewatered to 12–15% total solids. Biosolids would also need to 

pass through a strain press upstream of dewatering to protect the SCWO unit from damage by grit, rags, 

or other non-sludge materials. Dewatering to this range could be achieved by any of several commercially 

available sludge dewatering technologies. For this study, a screw press was used to achieve a sludge 

concentration of 15% total solids.  

The cost estimates developed in this Report for dewatering of anaerobically digested biosolids to produce 

15% solids material for SCWO included the following additions: 

• Biosolids storage and equalization tank 

• Strain press feed pumps 

• Strain press 

• Screw press feed pumps 

• Screw press(es) 

• Dewatered biosolids pump or conveyor 

• Polymer blending and feed system 

• Ancillary systems, including:  

o Wash water supply 

o Ventilation for heating, cooling, and odor control 

o Supporting electrical, instrumentation, and controls 

• Enclosed building 

• Sitework  

The number and size of major process equipment items needed will depend on the volume of biosolids 

produced at the WRRF and the frequency of biosolids processing. Some facilities may process biosolids 

on weekdays and only during a dayshift, whereas others may operate constantly. Redundancy 

requirements of major equipment items will depend on the facility’s operating strategy. For this study, it 

was assumed that the pretreatment facility would constantly operate, with storage and equipment 

redundancy to support that operation. One spare strain press, screw press, dewatered biosolids conveyor, 

and polymer blending unit are included in the cost estimate. The Class 5 (AACE) cost curve (+100%/-50%) 

for capital costs for the dewatering system is provided in Figure 7-7.  
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Figure 7-7 Capital cost curve for screw press dewatering to 15% solids for SCWO  

7.5.2 Example Pretreatment for Pyrolysis/Gasification 

Wastewater solids must be dried to reduce the water content prior to thermal drying and subsequent 

pyrolysis/gasification. Then the dried product is fed to the pyrolysis/gasification unit. Biosolids fed to a 

pyrolysis/gasification system should be dewatered as much as possible. Dewatering centrifuges are used 

to produce the driest dewatered biosolids compared to other biosolids dewatering technologies. 

Centrifuges can produce dewatered biosolids of 22%–30% total solids by mass, depending on the 

biosolids' characteristics and the polymer dose. For this study, dewatered biosolids were assumed to have 

25% total solids.  

The cost estimate of biosolids dewatering to 25% of total solids developed for this Report included the 

following additions: 

• Dewatering feed pumps 

• Dewatering centrifuge(s) 

• Dewatered biosolids hopper 

• Polymer blending and feed system 

• Dewatered biosolids pump or conveyor 

• Ancillary systems, including:  

o Wash water supply 

o Ventilation for heating, cooling, and odor control 

o Supporting electrical, instrumentation, and controls 

• Enclosed building 
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• Sitework  

The number and size of major process equipment items needed will depend on the mass and volume of 

biosolids produced at the WRRF and the frequency of biosolids processing. Some facilities may process 

biosolids on weekdays and only during a dayshift, whereas others may operate constantly. Redundancy 

requirements of major equipment items will depend on the facility’s operating strategy. For this study, it 

was assumed that the pretreatment facility would constantly operate, with storage and equipment 

redundancy to support that operation. One spare dewatering centrifuge, dewatered biosolids conveyor, 

and polymer blending and feed unit are included in the cost estimate. The Class 5 (AACE) cost curve 

(+100%/-50%) for capital costs for the centrifuge dewatering system is provided in Figure 7-8. 

   

Figure 7-8 Capital cost curve for dewatering to 25% solids for pyrolysis/gasification 

7.6 Other Considerations for Municipal Wastewater Biosolids 

Treating biosolids with pyrolysis/gasification or SCWO would be a major shift away from the typical 

processing practices in Minnesota. Land application of Class B biosolids has been the common method of 

biosolids management for decades. Pyrolysis/gasification and SCWO produce a product of higher value 

than a Class B product. The solids drying step in the pyrolysis/gasification system produces a Class A 

product. Any biochar produced in the process could be land-applied as a Class A material. Operating a 

complex pyrolysis/gasification or SCWO system may be very challenging for some utilities. Utilities may 

also be concerned about the safety of these high-temperature and high-pressure systems, which may also 

require different operator training. Other considerations for destroying PFAS in biosolids include the 

following: 

• The beneficial use of minerals remaining after SCWO or other management of resulting brine has 

not been determined. More work is needed to guide utilities to select end uses for the products 

of these treatment processes. 

• Pyrolysis/gasification relies on intensive heat energy and does not require the presence of oxygen 

to “crack” or chemically decompose organic materials. Through heat application, 
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pyrolysis/gasification disintegrates the long hydrocarbon bonds of the incoming feed materials. 

Pyrolysis/gasification generates not only tars, oils, and particulate matter but also reduced sulfur 

and nitrogen compounds and hazardous air pollutants, including polycyclic aromatic 

hydrocarbons. Hence, pyrolysis/gasification technologies are both subject to rules and 

regulations. The U.S. EPA is actively developing regulations under the Clean Air Act Section 129 

pertaining to pyrolysis and gasification units used to convert solid and semi-solid feedstocks, 

including municipal sludge, to make useful products such as energy, fuels, and chemical 

commodities. The permitting of a new facility could take significant time; time frames can vary 

depending on the site.  
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8 Mixed MSW Landfill Leachate 

8.1 Project Assumptions for Mixed MSW Landfill Leachate 

8.1.1 Description and Scale of Required Treatment 

Most MSW is managed in landfills (Kjeldsen et al. 2002). As of 2018, 63% of MSW was sent to landfills in 

the United States (U.S. EPA 2022b). Landfills generate leachate mainly from rainwater percolating through 

the waste layers in the landfill, both during operations and after closure. This leachate is generally 

collected for management, which can include recirculation for moisture compaction at the working face or 

within the waste mass, direct discharge to a WRRF, pretreatment with discharge to a WRRF, or land 

application. In Minnesota, mixed MSW landfills primarily discharge collected leachate to centralized 

municipal WRRFs for treatment or other waste management. Treatment options and cost curves for mixed 

MSW landfill leachate will be evaluated for facilities ranging from 1 gpm to 100 gpm, approximately 

1/100th of the scale for municipal WRRF effluent considered in this study.  

For this Report, the primary goal was to evaluate PFAS treatment alternatives for their ability to separate 

and mineralize PFAS from mixed MSW landfill leachate. The treated landfill leachate could still be sent to a 

WRRF for final treatment and disposal before discharging to surface water. However, in some cases, the 

treatment alternatives considered in this Report may sufficiently treat the landfill leachate to allow 

discharge to surface water instead of continuing to discharge to a WRRF. This should be evaluated on a 

site-specific basis. 

8.1.2 PFAS Influent Concentrations and Treatment Targets 

PFAS-containing products, like food packaging, clothing, and non-stick cookware, are the source of the 

PFAS in landfill leachate (Berg et al. 2022). Longer-chain PFAS commonly remain attached to solids within 

the landfill, while short-chain PFAS mobilize to the liquid leachate phase. As a result, landfill leachate is 

frequently enriched in short-chain PFCAs (Wei, Xu, and Zhao 2019). Other types of PFAS most relevant in 

mixed MSW landfill leachate are long-chain PFAAs, fluorotelomers, and precursors. Target PFAS selection 

was detailed in Section 2.3. Typical and high concentrations assumed as a design basis were developed 

from available literature and are shown in Table 8-1. These values are not intended to reflect the entire 

range of PFAS concentrations that may be present in all landfill leachates. 
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Table 8-1 Assumed influent concentrations and treatment goals for target PFAS for mixed 

MSW landfill leachate (all units in ng/L) 

PFAS  Typical Concentrations[1] High Concentrations[1] Treatment Target  

PFBA 950 2,600 5 

PFBS 250 650 5 

PFHxA 1,500 4,000 5 

PFHxS 350 750 5 

PFOA 900 1,900 5 

PFOS 150 300 5 

6:2 FTS 150 350 5 

N-EtFOSAA 150 450 5 

[1] Data from Lang et al.; 2017 data on 87 samples from 18 landfills across the U.S. Typical concentrations reflect 

the mean of 87 samples, and high concentrations reflect the 90th percentile of 87 samples. These target PFAS 

generally represented between 60% and 85% of the sum of PFAS analyzed. Values were rounded to the 

nearest 50 ng/L and two significant digits. 

8.1.3 Water Quality Assumptions for Pretreated Mixed MSW Landfill Leachate 

Quality 

Non-PFAS water quality parameters have significant implications for PFAS pretreatment and treatment of 

landfill leachate. The impacts of these water quality parameters are typically magnified in landfill leachate, 

considering its complexity and elevated concentrations, compared to WRRFs. For the pretreatment and 

cost analysis, it is essential to define non-PFAS parameters for landfill leachate.  

Landfill leachate quality is highly variable and dependent on waste source, landfill age, and landfill type 

(Kjeldsen et al. 2002). In general, landfill leachate is a high-strength waste, with 20 to 57,000 mg/L of BOD5 

and 2,000 to 60,000 mg/L total solids (TS) (Kjeldsen et al. 2002). It also typically has higher concentrations 

of ammonia, salts, and organic carbon than municipal wastewater. Landfill leachate has a very low 

oxidation state, reflecting anaerobic conditions within the landfill. As a result, metals and nutrients are 

expected to be present in their most reduced forms (e.g., nitrogen present as ammonia and metals as 

dissolved metals).  

Typical mixed MSW landfill leachate concentrations are listed in Table 8-2. This study chose two landfill 

leachate qualities for non-PFAS-related parameters meant to be representative of typical mixed MSW 

landfill leachate quality in Minnesota. The first landfill leachate quality is intended to represent raw mixed 

MSW landfill leachate for the alternatives not requiring pretreatment (Alternatives 8a and 8b). The second 

is for alternatives requiring pretreatment before PFAS removal (Alternatives 1a, 1b, 5a, 5b, and 7b). It 

reflects assumed water quality before PFAS separation technologies based on equipment fouling potential 

outlined previously in Section 5.2. One example of a pretreatment train and potential costs to provide this 

water quality at a landfill site is discussed in Section 8.5. 
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Table 8-2 Assumed initial and pretreated mixed MSW landfill leachate quality 

Parameter Units 

Assumed Water Quality in Untreated Mixed MSW 

Landfill Leachate  
Assumed 

Concentration in 

Pretreated Water 

(Influent for all Other 

PFAS Management 

Alts Evaluated) 

Typical Value 

(Assumed Influent 

Water Quality for 

Alt 8a and 8b) 

Minimum 

Value[1] 

Maximum 

Value[1] 

pH SU 8[1] 4.5 9 8 

TDS mg/L 6,300[2] Not reported Not reported 6,300 

TSS mg/L 3,000[2] 2,000[3] 60,000[3] 1[4] 

COD mg/L 3,100[5] 140 152,000 90[6] 

BOD5 mg/L 850[5] 20 57,000 60[4] 

TOC mg/L Not reported 30 29,000 2[4] 

Alkalinity 
mg/L as 

CaCO3 
6,900[2] Not reported Not reported 6,900 

Chloride mg/L 1,800[5] 150 4,500 1,800 

Sulfate mg/L 200[1] Not reported Not reported 200 

Sodium mg/L 1,600[5] Not reported Not reported 1,600 

Potassium mg/L 1,100[1] Not reported Not reported 1,100 

Calcium mg/L 110[1] 10 72,000 110 

Magnesium mg/L 150[1] 30 15,000 150 

Ammonia mg/L as N 1,200[1] 50 2,200 1,100[7] 

Phosphorus mg/L 10[1] 0.1 23 5[8] 

Iron µg/L 22,000[5] 3,000 5,500,000 0.1[4] 

Manganese µg/L 1,800[5] 30 1,400,000 0.1[4] 

[1] Based on a landfill leachate review article (Kjeldsen et al. 2002). 

[2] Provided by the MPCA. 

[3] Kjeldsen et al. provides minimum and maximum concentrations for total solids, not TSS. The range of total solids is shown 

here.   

[4] Based on the pretreatment discussion in Section 5.2. 

[5] Based on Vermont landfill leachate study (Brown & Caldwell 2019). 

[6] Based on expected BOD5 reduction due to pretreatment. 

[7] Ammonia is expected to decrease through biological pretreatment, however, a majority of the ammonia would remain due to 

the pH adjustment to prevent toxicity. 

[8] Phosphorus is expected to decrease due to biological uptake. 

8.2 PFAS Management Alternatives Evaluation Results 

Each PFAS management alternative identified for water-phase PFAS separation and destruction in 

Section 4.1 was scored for each evaluation criterion described in Section 5.1 for mixed MSW landfill 

leachate.  

8.2.1 Evaluation Scoring Results 

Alternatives evaluated for mixed MSW landfill leachate, as described in Section 4.1, were: 

• Alternative 1a: GAC sorption followed by off-site, high-temperature incineration of GAC 
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• Alternative 1b: RO membrane separation followed by GAC sorption of concentrate and off-site, 

high-temperature incineration of GAC 

• Alternative 5a: modified clay media sorption followed by off-site, high-temperature incineration 

of modified clay 

• Alternative 5b: RO membrane separation followed by modified clay media sorption of concentrate 

and off-site, high-temperature incineration of modified clay 

• Alternative 7b: RO membrane separation followed by SCWO of concentrate 

• Alternative 8a: foam fractionation followed by off-site, high-temperature incineration of foamate 

• Alternative 8b: foam fractionation followed by SCWO of foamate 

Evaluation results are summarized in Table 8-3 and described in subsequent sections. Specific criteria and 

subcriteria were previously defined in Section 5.1. Based on the screening, Alternatives 1a, 1b, 5a, and 8a 

were retained for preliminary design and cost curve development.  
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Table 8-3 Alternatives evaluation results for mixed MSW landfill leachate 

Alternative Number 1a 1b 5a 5b 7b 8a 8b 

Membrane separation technology - RO - RO RO FF FF 

PFAS sorption technology GAC GAC MC MC - - - 

PFAS destruction technology Inc Inc Inc Inc SCWO Inc SCWO 

Technical Feasibility weight 59 53 56 50 45 47 38 

PFAS separation efficiency 5 3 3 3 3 3 2 2 

PFAS destruction efficiency 5 3 3 3 3 3 3 3 

Degree of commercialization  3 3 3 2 2 1 2 1 

Reliability of performance 2 1 1 1 1 3 2 2 

Simplicity of operation/maintenance  4 3 2 3 2 1 2 1 

Operator and public health 2 3 2 3 2 1 2 1 

Economic Feasibility weight 46 41 41 36 26 40 34 

Relative capital costs 4 3 3 3 3 1 2 1 

Relative operation and maintenance costs  3 3 2 3 2 1 2 3 

Relative energy consumption 2 3 2 3 2 1 2 2 

Relative complexity and cost of pretreatment 4 1 1 1 1 3 3 3 

Applicability at scale 5 3 3 2 2 1 2 1 

Byproducts Management weight 3 4 3 4 6 3 5 

Beneficial reuse opportunity for water or 

byproducts 
1 1 2 1 2 2 1 1 

Potential for media shifting of PFAS 2 1 1 1 1 2 1 2 

Total Score 108 98 100 90 77 93 74 

Retained?  x x x   x  

RO = RO membrane separation, GAC = granular activated carbon, MC = modified clay, Inc = high-temperature incineration, SCWO 

= supercritical water oxidation, FF = foam fractionation 

8.2.2 Technical Feasibility 

All sorption media alternatives evaluated received a score of 3 for PFAS separation efficiency because 

they were chosen to remove all target PFAS under selected operating conditions. While short-chain PFAS 

such as PFBA may break through quickly in these systems, treated water could potentially be kept below 

treatment targets given frequent monitoring and proactive changeout. RO/SCWO also received a score of 

3 in this category because RO permeate and SCWO condensate routed to effluent are both expected to 

contain very low concentrations of PFAS. Alternatives with foam fractionation as the primary technology 

scored a 2 because foam fractionation is not currently effective at removing short-chain PFAS.  
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All alternatives received a score of 3 for PFAS destruction efficiency because both high-temperature 

incineration and SCWO remove 99% or more of PFAS. However, both have the potential for additional 

PFAS formation (Krause et al. 2022; L. Winchell et al. 2022). Additional research is needed for both these 

technologies to demonstrate the degree of mineralization achievable and the nature of byproducts 

formed. 

Alternatives including combinations of RO membrane separation, GAC, and high-temperature incineration 

received a score of 3 for degree of commercialization. All of these technologies have been widely 

applied in multiple industries for PFAS removal. Alternatives including modified clay and foam 

fractionation received a score of 2 because they are commercially applied but in fewer industries. 

Alternatives including SCWO received a score of 1 because the technology is still developing for PFAS 

removal, especially in the water phase. It is currently limited to pilot-scale installations.  

Sorption media received a score of 1 for reliability of performance because rapid breakthrough of short-

chain PFAS could result in detectable concentrations in treated effluent, depending on monitoring 

frequency and mobilization time for changeout. Flow-rate variation in media vessel influent can also 

adversely affect the EBCT and associated mass transfer zone in sorption reactors, which can cause 

premature breakthrough. Alternatives with foam fractionation received a 2, with higher reliability for long-

chain PFAS but low reliability for short-chain PFAS. RO/SCWO received a score of 3 because treatment 

efficiency is not impacted by changing water quality, flows, or environmental conditions.  

Alternatives with sorption media combined with high-temperature incineration received the highest score 

of 3 for simplicity of operation. Alternatives with RO and media received a score of 2 due to the 

operational complexity of running an RO system, including system monitoring and membrane cleaning 

and replacement. Foam fractionation with high-temperature incineration received a score of 2 because it 

is expected that foam fractionation systems are more complex to operate than sorption media systems. 

Foam fractionation combined with SCWO received a score of 1 due to the complexity of operating both 

technologies.  

Sorption media alternatives with high-temperature incineration received a score of 3 for operator and 

public health because there are minimal risks associated with these types of treatment and destruction 

technologies. Alternatives with RO/SCWO and foam fractionation with SCWO were scored a 1 due to the 

combined risks of high-temperature SCWO, high-pressure RO, and the PFAS volatilization potential 

associated with foam fractionation. All other alternatives received a score of 2 because although they are 

used in the industry, there is an increased risk to operators and public health due to one or more of the 

following: addition of chemicals, high operating temperatures, or high operating pressures. 

8.2.3 Economic Feasibility 

Alternatives that combine two high-energy technologies, like RO/SCWO and foam fractionation with 

SCWO have the highest relative capital cost and therefore received a score of 1. Foam fractionation with 

off-site, high-temperature incineration received a score of 2 due to lower on-site capital expenses. 

Alternatives with sorption media received a score of 3, reflecting the lowest relative capital cost. While 

using RO as a pre-concentration step adds capital costs, these are expected to be offset by the lower 
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capital cost of media vessels treating only concentrate relative to alternatives with media vessels treating 

the full leachate flow.  

When considering relative O&M costs (without energy), alternatives with single-use media disposed of 

via high-temperature incineration received a score of 3, with primary O&M costs associated with transport 

and off-site incineration of sorption media. Sorption media alternatives with RO upstream received a 

score of 2 due to increased operational and maintenance costs of the added RO process. Foam 

fractionation is less expensive than RO and produces a lower volume of foamate than RO concentrate 

(higher recovery), resulting in lowered O&M costs and a score of 3 when paired with high-temperature 

incineration destruction and 2 with SCWO destruction. RO/SCWO is expected to have the highest 

operational costs and received a score of 1. 

Sorption media without RO pre-concentration is expected to have the lowest relative energy 

consumption, with a score of 3. Each alternative with RO and sorption media for concentrate treatment 

and high-temperature incineration of the media scored a 2. RO/SCWO received a score of 1 due to the 

high energy required for the high temperatures and pressure needed to treat the full RO concentrate 

stream. Foam fractionation with SCWO scored a 2 due to the smaller waste stream routed to the SCWO 

feed. Foam fractionation with off-site high-temperature incineration also scored a 2, assuming similar 

energy use for SCWO and incineration of the same volume of liquid. 

Alternatives using GAC, modified clay, or RO scored a 1 for relative complexity and cost of 

pretreatment because all would require pretreatment, as described in Section 8.1.38.5. Foam 

fractionation alternatives scored a 3 because they do not require complex pretreatment. RO/SCWO also 

scored a 3, assuming that specialty wide-spaced RO could be applied without pretreatment. 

Applicability at scale was somewhat pre-screened as part of technology screening. GAC and RO 

membrane separation have been widely applied at the scale for landfill leachate treatment (1–100 gpm), 

so alternatives including only these separation technologies received a score of 3. Modified clay media 

sorption and foam fractionation have limited applications at this flow rate, and alternatives including 

these technologies received a score of 2. Alternatives with SCWO scored a 1 due to limited commercial 

application for PFAS management.  

8.2.4 Byproducts Management 

Alternatives with two opportunities for beneficial reuse of the treated waste stream or byproducts 

received a score of 3. Alternatives with one form of beneficial reuse received a score of 2. Alternatives with 

no potential beneficial reuse received a score of 1. For mixed MSW landfill leachate, no alternatives 

included two opportunities for reuse, and the highest score was a 2. The one example of reuse was for 

alternatives with RO, which produces RO permeate that could be reused on-site at the landfill (i.e., for 

dust control or compaction).  

All alternatives with high-temperature incineration received a score of 1 for potential media shifting of 

PFAS. This is due to the current uncertainty and ongoing industry research investigating PFAS 
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transformations and emissions associated with high-temperature incineration. Alternatives with SCWO 

destruction received a score of 2 because the possibility of PFAS media shifting is unknown. 

8.2.5 PFAS Management Alternatives for Preliminary Design 

Based on the screening described in Section 8.2, four PFAS management alternatives were carried forward 

to preliminary design and cost analysis for mixed MSW landfill leachate: 

• Alternative 1a: GAC sorption followed by off-site, high-temperature incineration of GAC  

• Alternative 1b: RO membrane separation followed by GAC sorption of concentrate and off-site, 

high-temperature incineration of GAC 

• Alternative 5a: modified clay media sorption followed by off-site, high-temperature incineration 

of modified clay 

• Alternative 8a: foam fractionation followed by off-site, high-temperature incineration of foamate 

8.3 Alternative Preliminary Design and Cost Curve Development 

8.3.1 Alternative 1a (Landfill Leachate) 

For Alternative 1a, pretreated mixed MSW landfill leachate meeting the water quality listed in Table 8-2 

flows directly to lead-lag GAC adsorption pressure vessels. Once GAC media is exhausted with respect to 

target PFAS (limited by PFBA and PFBS in this case), it would be sent to high-temperature incineration 

because the flows of landfill leachate considered in this Report would not meet the GAC volume required 

for site-specific reactivation. This process flow is summarized in Figure 8-1. 
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Figure 8-1 Conceptual process flow diagram for Alternative 1a for landfill leachate 

Key design basis assumptions for Alternative 1a are listed in Table 8-4, with a detailed design basis in 

Appendix E.  
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Table 8-4 Summary of design basis assumptions for Alternative 1a for landfill leachate 

Design Parameter 
Basis 

0.0014 MGD/1 gpm 0.014 MGD/10 gpm 0.14 MGD/100 gpm 

Vessel capacity (lb GAC) 90 750 10,000 

Number of trains 2 1 1 

Number of vessels 4 2 2 

EBCT per vessel (min) 15 15 15 

HLR (gpm/sq. ft) 0.5 3.2 2.0 

Estimated bed volumes to 

breakthrough[1] 
5,100 5,100 5,100 

GAC disposal route 
High-temperature 

incineration 

High-temperature 

incineration 

High-temperature 

incineration 

[1] Defined as the estimated volume of water treated through the lead media vessel until the first detection of PFAS at 5 ng/L. 

Described further in Section 5.3.4 and Appendix D. 

Figure 8-2 and Figure 8-3 illustrate estimated capital and annual O&M costs for a range of influent flow 

rates. These costs do not include pretreatment costs described in Section 8.5. Detailed capital and O&M 

cost estimates are in Appendix E. 

 

Figure 8-2 Capital cost curve for Alternative 1a for landfill leachate 
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Figure 8-3 O&M cost curve for Alternative 1a for landfill leachate 

Estimated annual O&M costs are similar to estimated capital costs at low flows but approximately one-

quarter of estimated capital costs at higher flows. The highest operating costs are associated with labor 

and sorption media replacement and incineration. 

Primary uncertainties for Alternative 1a for landfill leachate treatment include the following: 

• Actual GAC breakthrough timing and requirements, depending on actual pretreated water quality 

• Potential for GAC fouling limiting bed life over PFAS breakthrough 

• Pretreatment processes needed and ability to meet pretreatment targets 

• Location and incineration fees of a selected high-temperature incineration facility 

• The capital costs for the lowest flow rates may change depending on facility preference for 

operational flexibility. The vessels included in this analysis are relatively small such that a typical 

valve tree included with larger vessels is not standard and was not included. 

8.3.2 Alternative 1b (Landfill Leachate) 

Alternative 1b includes GAC sorption, as previously described for Alternative 1a, with the addition of an 

RO membrane pre-concentration step. Pretreated mixed MSW landfill leachate meeting the water quality 

listed in Table 8-2 is routed directly to RO membranes. The RO concentrate flows to lead-lag GAC 

adsorption pressure vessels. RO permeate and GAC effluent would be combined and sent to a WRRF. 

Once GAC media is exhausted with respect to target PFAS (limited by PFBA and PFBS in this case), it 

would be sent to high-temperature incineration. This process flow is summarized in Figure 8-4. 

$0.0

$0.2

$0.4

$0.6

$0.8

$1.0

$1.2

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

O
&

M
 C

o
st

(i
n

 M
il

li
o

n
 U

S
D

)

Flow (MGD)

-30%



 

 

 

 107  
 

Pretreated 

landfill 

leachate

GAC media to high-

temperature incineration 

Lead

GAC

Lag

GAC

Blended GAC effluent 

and membrane 

permeate to WRRF

RO

Concentrate

Permeate

 

Figure 8-4 Conceptual process flow diagram for Alternative 1b for landfill leachate 

Key design basis assumptions for Alternative 1b are listed in Table 8-5, with a detailed design basis in 

Appendix E.  
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Table 8-5 Summary of design basis assumptions for Alternative 1b for landfill leachate 

Design Parameter 
Basis 

0.0014 MGD/1 gpm 0.014 MGD/10 gpm 0.14 MGD/100 gpm 

RO 

Recovery (%) 65 65 65 

Flux (gal./sq. ft/day) 16 16 16 

GAC 

Vessel capacity (lb GAC) 90 250 2,000 

Number of trains 2 2 2 

Number of vessels 4 4 4 

EBCT per vessel (min) 15 15 15 

HLR (gpm/sq. ft) 0.5 0.6 1.0 

Estimated bed volumes to 

breakthrough[1] 
3,600 3,600 3,600 

GAC disposal route 
High-temperature 

incineration 

High-temperature 

incineration 

High-temperature 

incineration 

[1] Defined as the estimated volume of water treated through the lead media vessel until the first detection of PFAS at 5 ng/L. 

Described further in Section 5.3.4 and Appendix D. 

Figure 8-5 and Figure 8-6 illustrate estimated capital and annual O&M costs for a range of influent flow 

rates. These costs do not include pretreatment costs described in Section 8.5. Detailed capital and O&M 

cost estimates are in Appendix E. 

 

Figure 8-5 Capital cost curve for Alternative 1b for landfill leachate 
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Figure 8-6 O&M cost curve for Alternative 1b for landfill leachate 

Estimated capital costs are approximately twice those for Alternative 1a, and O&M costs are 

approximately one-and-a-half times those for Alternative 1a. The highest operating costs are associated 

with utilities, labor, and sorption media replacement and incineration.  

Primary uncertainties for Alternative 1b for landfill leachate treatment include the following: 

• Achievable recovery of RO membranes and associated energy usage 

• Fouling potential of RO membranes, depending on actual pretreated water quality 

• Actual GAC breakthrough timing and requirements, depending on actual pretreated water quality 

• Potential for GAC fouling limiting bed life over PFAS breakthrough 

• Pretreatment processes needed and ability to meet pretreatment targets 

• Location and incineration fees of selected high-temperature incineration facility 

• The capital costs for the lowest flow rates may change depending on facility preference for 

operational flexibility. The vessels included in this analysis are relatively small such that a typical 

valve tree included with larger vessels is not standard and was not included. 

8.3.3 Alternative 5a (Landfill Leachate) 

For Alternative 5a, pretreated mixed MSW landfill leachate meeting the water quality listed in Table 8-2 

flows directly to lead-lag modified clay adsorption pressure vessels. Once modified clay media is 

exhausted with respect to the target PFAS (likely limited by breakthrough of short-chain PFAS), the spent 

media is sent to high-temperature incineration. This process flow is summarized in Figure 8-7. 
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Figure 8-7 Conceptual process flow diagram for Alternative 5a for landfill leachate 

Key design basis assumptions for Alternative 5a are listed in Table 8-6, with a detailed design basis in 

Appendix E.  

Table 8-6 Summary of design basis assumptions for Alternative 5a for landfill leachate 

Design Parameter 
Basis 

0.0014 MGD/1 gpm 0.014 MGD/10 gpm 0.14 MGD/100 gpm 

Vessel capacity (cu. ft media) 3 5 40 

Number of trains 1 3 4 

Number of vessels 2 6 8 

EBCT per vessel (min) 10 10 10 

HLR (gpm/sq. ft) 0.9 1.9 3.5 

Estimated bed volumes to 

breakthrough[1] 
5,000 5,000 5,000 

Media disposal route 
High-temperature 

incineration 

High-temperature 

incineration 

High-temperature 

incineration 

[1] Defined as the estimated volume of water treated through the lead media vessel until the first detection of PFAS at 5 ng/L. 

Described further in Section 5.3.4 and Appendix D. 

Figure 8-8 and Figure 8-9 illustrate estimated capital and annual O&M costs for a range of influent flow 

rates. These costs do not include pretreatment costs described in Section 8.5. Detailed capital and O&M 

cost estimates are in Appendix E. 



 

 

 

 111  
 

 

Figure 8-8 Capital cost curve for Alternative 5a for landfill leachate 

 

Figure 8-9 O&M cost curve for Alternative 5a for landfill leachate 

Estimated annual O&M costs and estimated capital costs for Alternative 5a are similar to estimated costs 

for Alternative 1a. The highest operating costs for 5a are associated with labor and sorption media 

replacement and incineration. 

Primary uncertainties for Alternative 5a for landfill leachate treatment include the following: 

• Actual PFAS breakthrough timing through modified clay media, depending on media 

performance and actual pretreated water quality 

• Potential for modified clay fouling to limit bed life over PFAS breakthrough 

• Pretreatment processes needed and ability to meet pretreatment targets 

• Location and incineration fees of a selected high-temperature incineration facility 
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• The capital costs for the lowest flow rates may change depending on facility preference for 

operational flexibility. The vessels in this analysis are relatively small such that a typical valve tree 

included with larger vessels is not standard and was not included. 

8.3.4 Alternative 8a (Landfill Leachate) 

For Alternative 8a, mixed MSW landfill leachate would be pumped to a series of foam fractionation 

vessels. The contact water initially goes through a bag filter to remove suspended solids, avoiding solids 

buildup in the foam fractionation vessels. The foam generated from the primary foam fractionation vessel 

is further enriched in a secondary foam fractionation vessel. The air that generates the foam in the closed 

foam fractionation vessel is discharged to carbon canisters to capture volatile organics. The resulting foam 

is collected and transported to a high-temperature incineration facility for destruction.  This process flow 

is summarized in Figure 8-10. 
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Figure 8-10 Conceptual process flow diagram for Alternative 8a for landfill leachate 

Key design basis assumptions for Alternative 8a are listed in Table 8-7, with a detailed design basis in 

Appendix E. 
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Table 8-7 Summary of design basis assumptions for Alternative 8a for landfill leachate 

Design 

Parameter 

Basis 

0.0014 MGD/1 gpm 0.014 MGD/10 gpm 0.14 MGD/100 gpm 

Number of 

primary vessels 
2 2 4 

Number of 

secondary vessels 
1 1 2 

Assumed 

concentration 

factor[1] 

1,000,000 1,000,000 1,000,000 

Expected foamate 

flow rate (gpd) 
0.0014 0.014 0.14 

[1] Based on vendor input. 

Figure 8-11 and Figure 8-12 illustrate estimated capital and annual O&M costs for a range of influent flow 

rates. Detailed capital and O&M cost estimates are in Appendix E. 

 

Figure 8-11 Capital cost curve for Alternative 8a for landfill leachate 
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Figure 8-12 O&M cost curve for Alternative 8a for landfill leachate 

Estimated annual O&M costs are approximately one order of magnitude lower than the estimated capital 

costs. The highest operating costs are associated with utilities, maintenance, and labor. The capital costs 

are an order of magnitude higher than Alternative 1a for the low and middle flow rates but the same 

order of magnitude for the high flow rate. The O&M costs are similar to those for Alternative 1a. However, 

unlike Alternative 1a, there are no O&M costs associated with pretreatment for Alternative 8a. Although 

pretreatment O&M costs were not considered in this report, long-term O&M may cost less for 

Alternative 8a and should be evaluated on a site-specific basis. 

Primary uncertainties for Alternative 8a for landfill leachate treatment include the following: 

• Actual concentrating factor of the foam (assumed to be 1,000,000) 

• The removal efficiency of short-chain PFAS (such as PFBA) and the potential usage rate of cationic 

surfactants or enhancements to improve the removal efficiency. Polishing treatment (such as 

media sorption) on the treated water stream from foam fractionation may be needed to achieve 

the PFAS performance targets of this study. This would increase the capital and O&M cost 

estimates provided above. 

• Location and incineration fees of a selected high-temperature incineration facility 

8.4 PFAS Removal Performance and Reliability  

The relative ability of each alternative to meet treatment goals of <5 ng/L for target PFAS is summarized 

in Table 8-8. Including RO with GAC (Alternative 1a versus 1b) has limited effect on PFAS removal because 

the PFAS removal mechanism is the same GAC adsorption process. Currently, it is uncertain if foam 

fractionation (Alternative 8a) can remove 90% of short-chain PFAS. If not, this would result in pass-

through of PFAS such as PFBA, PFBS, PFHxA, and possibly others into the treated water phase at 

concentrations higher than the 5 ng/L target. Specific references for PFAS removal efficiency are detailed 

further in Appendix C. 
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Table 8-8 PFAS removal performance and reliability for mixed MSW landfill leachate 

alternatives 

Target PFAS 

Assumed 

Influent 

Concentration 

(ng/L) 

Percent 

Removal to 

Achieve <5 

ng/L 

Relative Ability to Consistently Meet Targets 

1a: GAC  
1b: 

RO/GAC  

5a: 

Modified 

Clay 

8a: Foam 

Fractionation 

with 

Incineration 

PFBA 950 >99% Moderate Moderate Moderate Low 

PFBS 250 98% Moderate Moderate Moderate Low 

PFHxA 1,500 >99% Moderate High Moderate Moderate 

PFHxS 350 99% High High High High 

PFOA 900 >99% High High High High 

PFOS 150 97% High High High High 

6:2 FTS 150 97% High High High High 

N-EtFOSAA 150 97% High High High High 

 

8.5 Example Pretreatment for PFAS Separation Technologies 

Applied to Mixed MSW Landfill Leachate 

Minnesota currently has no landfills with permanent, full-scale leachate treatment beyond settling and 

equalization. Therefore, we expect most landfills implementing PFAS management alternatives will require 

significant pretreatment prior to PFAS separation and destruction.  

Biological and filtration processes are required to achieve the TOC and TSS pretreatment goals required 

for Alternatives 1a and 1b to limit the fouling of downstream processes, as described in Section 5.2. One 

challenge with biological treatment in the case of landfill leachate is the potential for ammonia toxicity. 

For a biological process to effectively remove the BOD5 in landfill leachate, the free ammonia 

concentration in the leachate needs to be lower than 30–50 mg NH3-N/L through ammonia removal or 

acidification to convert all ammonia to the less toxic ionized form (Kim et al. 2008). At raw landfill leachate 

concentrations and pH (8 STU), free ammonia would be toxic to the aerobic treatment microbes. As a 

result, acid can be added to reduce pH and associated toxicity or raise the pH and strip out the ammonia 

ahead of biological treatment. 

One potential pretreatment train for landfill leachate would include aeration for iron oxidation to the 

particulate form followed by a clarifier to remove oxidized iron and TSS. After settling, the pH would be 

adjusted down to drive the ammonia speciation to ammonium and prevent toxicity but not low enough to 

prevent pH inhibition. After pH adjustment, the water would flow through an MBR for TOC, BOD5, and TSS 

removal.  
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MBR systems require consistent flows to maintain healthy biomass. Because landfill leachate flows are 

variable and dependent on precipitation, the treatment system will need sufficient flow equalization to 

maintain continuous flow during dry periods (e.g., summer and winter). It is assumed that existing landfill 

infrastructure could be used for flow equalization, with minor modifications as necessary. Thus, 

construction costs for equalization basins are not included in the capital costs shown below. If sufficient 

flow equalization is not practical for a specific facility, alternative treatment could be evaluated instead of 

MBR treatment that could be operated as needed (i.e., batch-wise).  

The example conceptual process flow and capital cost estimates for mixed MSW landfill leachate 

pretreatment for PFAS removal are assumed to include the following: 

• Aeration—to oxidize iron 

• Chemical precipitation and sedimentation—to remove oxidized iron, a fraction of the TOC, and 

fine suspended solids 

• Acid addition—to lower pH and prevent unionized ammonia toxicity during biological treatment 

• MBR—to remove BOD5, TOC, and residual suspended solids 

The conceptual pretreatment process flow is shown in Figure 8-13.  

Landfill 

leachate

Acid 

addition

PFAS 

treatment

Clarifier

MBR

Aeration 

tank

 

Figure 8-13 Conceptual process flow diagram for landfill leachate pretreatment 

The pretreatment approach and estimated costs are meant to reflect one example but will not be 

appropriate for all systems. The evaluation and selection of a pretreatment system should be completed 

specifically for each individual site looking to implement a PFAS management approach. For example, this 

pretreatment example assumes relatively constant leachate flow, which might not be the case for each 

site. This Report evaluates the use of a clarifier for particulate iron and solids removal instead of a pond. 

This enables estimation of a conservative pretreatment cost due to the clarifier and associated equipment 

costs and the increased building footprint. If a pond exists on site that could be repurposed for solids 

removal, the pretreatment cost could be lower than estimated here. An additional consideration not 

included in this evaluation is air controls for potential volatilization of PFAS in the pretreatment units. 
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Capital cost estimates for this pretreatment train are shown in MBR costs from Lo, McAdam, and Judd 

(2015). Other equipment costs estimated from CapdetWorks (Hydromantis, v4.0). The solid line reflects 

the estimated cost curve. The dashed lines reflect the  

+100%/-50% accuracy range. All costs scaled to November 2022 using ENR CCI (13175). 

Figure 8-14. Costs are Class 5 (AACE) cost estimates with an accuracy range of +100%/-50%. This cost 

curve should only be used for the flow range shown (1–100 gpm; 0.0014–0.14 MGD).  

 

MBR costs from Lo, McAdam, and Judd (2015). Other equipment costs estimated from CapdetWorks 

(Hydromantis, v4.0). The solid line reflects the estimated cost curve. The dashed lines reflect the  

+100%/-50% accuracy range. All costs scaled to November 2022 using ENR CCI (13175). 

Figure 8-14 Capital cost curve for new MBR installations with pre-aeration, sedimentation, and 

chemical addition for landfill leachate pretreatment 

The conceptual pretreatment cost estimates did not include a detailed feasibility study or any design for 

site-specific requirements. Pretreatment needs are expected to vary by facility due to differences in 

existing infrastructure, water quality, space availability, and other site-specific constraints. Thus, the 

degree of detail included in this Report for pretreatment is less than that provided for PFAS treatment 

alternatives in subsequent sections. The conceptual pretreatment costs shown are intended to provide an 

order-of-magnitude estimate for potential pretreatment costs. Facilities looking to implement PFAS 

treatment should conduct site-specific treatment evaluations prior to capital planning or 

implementation.  

8.6 Other Considerations for Mixed MSW Landfill Leachate 

The PFAS management alternative most appropriate for a given site will depend on space constraints, 

initial water quality, operational and treatment targets, and permit conditions. Sites targeting only long-

chain PFAS will likely find foam fractionation (as included in Alternative 8a) the most cost-effective 

separation technology because it does not require pretreatment. However, foam fractionation’s efficacy 

for separating short-chain PFAS remains limited at this time. Large landfills with short-chain removal 

requirements and space constraints may benefit from using conventional RO (with appropriate 

 $-

 $0.5

 $1.0

 $1.5

 $2.0

 $2.5

 $3.0

 $3.5

 $4.0

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

C
a
p

it
a
l 
(i

n
 M

il
li

o
n

 U
S

D
)

Flow (MGD)



 

 

 

 118  
 

pretreatment) or specialty wide-spaced RO (as included in Alternative 1b) as a pre-concentration step 

before media sorption vessels for concentrate management. Modified clay media (Alternative 5a) are still 

being vetted as a sorption media for PFAS separation and may have specific advantages over GAC 

(Alternative 1a), such as lower capital cost and footprint. 

The decision to select one of these alternatives and implement them on-site will vary site by site and 

based on the PFAS management strategy of the WRRF receiving the mixed MSW landfill leachate 

discharge. PFAS management strategies for landfill leachate should consider if on-site treatment is 

necessary. For example, if a downstream WRRF is implementing PFAS treatment, it may not make sense to 

also implement PFAS treatment at a landfill. Other considerations for removing and destroying PFAS from 

landfill leachate include the following: 

• Off-site treatment at a regional facility may be the preferred alternative, depending on the flow 

and the proximity to a regional facility. If on-site treatment is selected, the feasibility of treatment 

to surface water standards with direct discharge should also be considered. 

• Depending on the landfill leachate strength, leachate treatment with SCWO could be more 

favorable than for the design landfill leachate considered in this Report. Landfill leachate 

containing higher-strength organics may require less co-fuel when using SCWO, which could 

lower the operating costs for this technology. Additionally, landfill gas could be captured and 

cleaned to use as a co-fuel source if compressed to a liquid to potentially reduce operating costs. 

• Media shifting should be evaluated, particularly when using pretreatment with aeration. Aeration 

may cause PFAS volatilization and result in surface deposition of PFAS. Any treatment, including 

aeration, should consider air pollution control strategies to prevent media shifting and 

contamination due to airborne PFAS. 

• In addition to the technologies included in this alternatives analysis, there are a few technologies 

currently available at the pilot scale that might be amenable to PFAS treatment without 

pretreatment. Advanced electrochemical oxidation and HALT treatment, depending on 

performance in pilot-scale tests and ultimate costs, may be other beneficial technologies to 

consider for treatment of landfill leachate. 
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9 Compost Contact Water 

9.1 Project Assumptions for Compost Contact Water 

9.1.1 Description and Scale of Required Treatment 

Compost contact water (also known as compost leachate) originates from precipitation runoff from active 

compost areas, moisture associated with source compost materials, and water added to maintain specific 

moisture contents during the composting process (Krogmann and Woyczechowski 2000). Minnesota 

administrative rules part 7035.2836 defines contact water from commercial composting facilities as: 

[W]ater that has come into contact with source-separated organic material in the tipping area, 

source-separated organic material in the mixing area, rejects, residuals, or active compost.  

Water originating from curing or finished storage areas at composting facilities is considered stormwater 

(different from the definition of contact water) under Minnesota rules. It is managed with other site 

stormwater under industrial stormwater permits. 

Compost contact water must be collected in lined ponds and managed according to Minnesota 

administrative rules part 7035.2815, subpart 9, which defines design and construction criteria for solid 

waste leachate collection systems.  

This study addresses compost contact water from source-separated organic material (SSOM) facilities that 

accept both food and yard waste, including compostable packaging. Nine commercial SSOM composting 

facilities are permitted to accept food waste in Minnesota (Minnesota Pollution Control Agency 2022). 

Currently, no commercial composting facilities in Minnesota have active treatment systems for contact 

water. Instead, contact water is transported to local WRRFs for treatment on an as-needed basis, 

depending on the capacity of the on-site collection ponds. 

Because compost contact water is partly dependent on precipitation, water generation is seasonal and 

depends on the size of a facility and the volume of precipitation received. Alternatives developed in this 

study for compost contact water treatment assume that generation for a given facility varies between 1–

100 gpm (0.0014–0.14 MGD) based on typical compost contact water generation rates reported in Roy et 

al. (2018). This flow range estimate is not specific to Minnesota commercial composting facilities due to 

limited available data.  

For this Report, the primary goal was to evaluate PFAS treatment alternatives for their ability to separate 

and mineralize PFAS from compost contact water. The treatment evaluated is based on water quality 

criteria required for effective PFAS treatment, not necessarily surface water discharge criteria. The 

recommended level of treatment for PFAS may provide sufficient water quality for surface water discharge 

in specific instances but should be evaluated in individual, site-specific studies.  
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9.1.2 PFAS Influent Concentrations and Treatment Targets 

The MPCA and Wood Environmental & Infrastructure Solutions completed a study of PFAS concentrations 

in compost contact water in 2018 and 2019 (Wood Environment & Infrastructure Solutions Inc. 2019). The 

scope of that study was to collect samples from ponds at five SSOM facilities and two yard waste facilities 

over three sampling events. The study concluded that PFAS are prevalent in compost contact water at 

concentrations higher than in Minnesota’s ambient groundwater.  

The types of PFAS most relevant in compost contact water are terminal PFCAs, such as PFHxA, and PFSAs, 

such as PFOS, associated with composted items (Choi et al. 2019; Wood Environment & Infrastructure 

Solutions Inc. 2019). The selection of target PFAS for consideration in this study was detailed in 

Section 2.3, and concentrations of the target PFAS assumed to be present in compost contact water are 

summarized in Table 9-1. These values were developed to support preliminary design and cost estimating 

and are not intended to reflect the full range of PFAS concentrations potentially present in compost 

contact water. 

Table 9-1 Assumed influent concentrations and treatment goals for target PFAS for compost 

contact water (all units in ng/L) 

PFAS Unit 
Typical 

Concentrations[1] 

High 

Concentrations[1] 

Treatment 

Target 

PFBA ng/L 450 1,500 5 

PFBS ng/L 10 25 5 

PFHxA ng/L 500 2,000 5 

PFHxS ng/L 10 100 5 

PFOA ng/L 30 100 5 

PFOS ng/L 20 1,500 5 

[1] Data summarized from Wood Environment & Infrastructure Solutions Inc. (2019). 

9.1.3 Water Quality Assumptions for Pretreated Compost Contact Water 

Compost contact water quality can vary significantly depending on specific feedstocks, the phase of 

composting, and specific operations of individual facilities. 

Compost contact water typically has high nitrogen concentrations and high organic content with relatively 

low bioavailability (BOD5:COD ratios are on the order of 0.1 to 0.5) because readily biodegradable 

organics are largely removed in the composting process. Other potential contaminants associated with 

compost contact water include heavy metals, suspended solids, chloride and other dissolved solids, and 

emerging organic contaminants, such as plasticizers (Roy et al. 2018).  

Non-PFAS water quality parameters have significant implications for PFAS treatment. The water quality 

assumed for this study as initial untreated and pretreated water ahead of PFAS treatment is shown in 

Table 9-2. A range of concentrations is shown, reflecting the expected variability in water quality. This 

study assumes most facilities accept both food waste and yard waste as feedstocks, although water 
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quality represented in Table 9-2 is based on compost contact water from a variety of facilities. Alternatives 

that do not require pretreatment (Alternatives 8a and 8b) are assumed to accept water with 

concentrations typical of raw compost contact water. Water quality targets for PFAS separation 

technologies requiring pretreatment (Alternatives 1a and 5a) are also shown. They reflect assumed water 

quality entering the PFAS management process based on equipment fouling potential outlined in 

Section 5.2. One example of a pretreatment train and costs that may be able to provide this water quality 

at commercial composting facilities is discussed in Section 9.4. 
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Table 9-2 Assumed initial and pretreated compost contact water quality 

Parameter Units 

Assumed Water Quality in Untreated Compost 

Contact Water 
Assumed Concentration 

in Pretreated Water 

(Influent for all Other 

PFAS Management Alts 

Evaluated) 

Typical Value 

(Assumed Influent 

Water Quality for 

Alts 8a and 8b) 

Minimum 

Value 

Maximum 

Value 

pH[1] s.u. 7.5 4.0 8.0 7.5 

TDS[2] mg/L 6,000 Not reported Not reported 6,000 

TSS[1] mg/L 1,000 10 34,000 1[3] 

COD[1,4] mg/L 25,000 400 185,000 90[5] 

BOD5
[1,4] mg/L 6,000 20 90,000 60[3] 

TOC[4] mg/L 750 <50 18,000 20[3] 

Conductivity[1,4] mS/cm 20 1.0 80 20 

Hardness, as 

CaCO3
[4] 

mg/L 1,800 1,100 2,400 1,800 

Alkalinity[2] 
mg/L as 

CaCO3 
1,800 Not reported Not reported 1,800 

Chloride[1] mg/L 2,000 30 8,700 2,000 

Sulfate mg/L Not reported Not reported Not reported -- 

Sodium mg/L Not reported Not reported Not reported -- 

Potassium mg/L Not reported Not reported Not reported -- 

Calcium[4] mg/L 360 280 460 360 

Magnesium[4] mg/L 210 100 300 210 

Ammonia-N[1] mg/L 800 5 2,300 800[6] 

Phosphorus[1] mg/L 30 0.5 500 30[6] 

Iron[3] mg/L 30 20 50 0.5[3] 

Manganese mg/L Not reported Not reported Not reported 0.5[3] 

[1] Concentrations shown are based on values in Tables 1, 2, and 3 of Roy et al. (2018). 

[2] A typical value could not be established for TDS or alkalinity from referenced literature. The values shown were calculated 

based on the typical concentrations shown for the other constituents. The value shown for total dissolved solids only includes 

inorganic constituents; thus, it likely represents a low estimate. 

[3] Based on the pretreatment discussion in Section 5.2. 

[4] Concentrations shown are based on values provided in Table 7 of Krogmann and Woyczechowski (2000). Hardness was 

calculated based on reported concentrations of calcium and magnesium. 

[5] The concentration of COD is assumed to decrease based on removal of BOD5 during biological pretreatment (e.g., MBR). It is 

assumed that COD=1.5×BOD5. 

[6] Concentrations of ammonia and phosphorus are both expected to decrease through biological pretreatment (e.g., MBR), but 

the level of removal is uncertain. 

9.2 PFAS Management Alternatives Evaluation Results 

Each PFAS management alternative identified for water-phase PFAS separation and destruction in 

Section 4.1 was scored for each evaluation criterion described in Section 5.1 for compost contact water.  
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9.2.1 Evaluation Scoring Results 

Alternatives evaluated for compost contact water, as described in Section 4.1, were as follows: 

• Alternative 1a: GAC sorption followed by off-site, high-temperature incineration of GAC 

• Alternative 5a: modified clay media sorption followed by off-site, high-temperature incineration 

of modified clay 

• Alternative 8a: Foam fractionation followed by off-site, high-temperature incineration of foamate 

• Alternative 8b: Foam fractionation followed by SCWO of foamate 

Evaluation results are summarized in Table 9-3 and described in subsequent sections. Specific criteria and 

subcriteria are defined in Section 5.1. Based on the screening, Alternatives 1a, 5a, and 8a were retained for 

preliminary design and cost curve development. 
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Table 9-3 Alternatives evaluation results for compost contact water 

Alternative Number 1a 5a 8a 8b 

PFAS separation technology GAC MC FF FF 

PFAS destruction technology Inc Inc Inc SCWO 

Technical Feasibility weight 59 56 47 40 

PFAS separation efficiency 5 3 3 2 2 

PFAS destruction efficiency 5 3 3 3 3 

Degree of commercialization  3 3 2 2 1 

Reliability of performance 2 1 1 2 2 

Simplicity of operation/maintenance  4 3 3 2 1 

Operator and public health 2 3 3 2 2 

Economic Feasibility weight 44 39 40 34 

Relative capital costs 4 3 3 2 1 

Relative operation and maintenance costs  3 3 3 2 3 

Relative energy consumption 2 2 2 2 2 

Relative complexity and cost of pretreatment 4 1 1 3 3 

Applicability at scale 5 3 2 2 1 

Byproducts Management weight 3 3 3 5 

Beneficial reuse opportunity for water or byproducts 1 1 1 1 1 

Potential for media shifting of PFAS 2 1 1 1 2 

Total Score 106 98 90 79 

Retained? x x x  

GAC = granular activated carbon, MC = modified clay, Inc = high-temperature incineration, SCWO = supercritical water oxidation, 

FF = foam fractionation 

9.2.2 Technical Feasibility 

GAC and modified clay media scored highest for PFAS separation efficiency relative to foam 

fractionation due to the limited ability of foam fractionation to separate short-chain PFAS into foamate. 

Both GAC and modified clay are adsorption processes with effluent water quality dependent on media 

breakthrough status for specific PFAS. The score of 3 assigned here reflects the assumption that 

breakthrough could be detected in lead vessel effluent and media changed out before PFAS reports to 

the lag vessel effluent.  

All alternatives received a score of 3 for PFAS destruction efficiency because both high-temperature 

incineration and SCWO remove 99.9% or more of PFAS. However, both have the potential for additional 

PFAS formation (Krause et al. 2022; L. Winchell et al. 2022). Additional research is needed for both these 
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technologies to demonstrate the degree of mineralization achievable and the nature of byproducts 

formed. 

GAC media with high-temperature incineration received a score of 3 for degree of commercialization 

because these technologies have been widely applied in multiple industries for PFAS removal. Alternatives 

including modified clay media and foam fractionation received a score of 2 because they are commercially 

applied but in fewer industries. The alternative including SCWO received a score of 1 because the 

technology is still developing for PFAS removal, especially in the water phase. It is currently limited to 

pilot-scale installations.  

Sorption media received a score of 1 for reliability of performance because flow rate variation can 

adversely affect the EBCT and associated mass transfer zone in sorption vessels, which can cause 

premature breakthrough. In addition, rapid breakthrough of short-chain PFAS could result in detectable 

concentrations in treated effluent, depending on monitoring frequency and mobilization time for 

changeout. Foam fractionation with high-temperature incineration and with SCWO both received a score 

of 2 because treatment efficiency is expected to be unaffected by changing water quality, flows, or 

environmental conditions, but some uncertainty remains due to limited commercial application. 

Alternatives with sorption media (GAC and modified clay) combined with high-temperature incineration 

received the highest score for simplicity of operation. These alternatives would have one on-site 

treatment process for PFAS and low operational complexity, except for sorption media changeout events. 

Foam fractionation with high-temperature incineration received a score of 2 because it is expected to be 

more complex to operate than single-use sorption media and only uses one on-site process. Foam 

fractionation combined with SCWO received a score of 1 due to the complexity of operating both 

technologies on-site. 

Sorption media (GAC and modified clay) alternatives with high-temperature incineration received a score 

of 3 for operator and public health because there are minimal risks associated with these types of 

treatment and destruction technologies. All other alternatives received a score of 2 because there is an 

increased risk to operators and public health due to one or more of the following: the addition of 

chemicals, high operating temperatures, or high operating pressures. 

9.2.3 Economic Feasibility 

The alternative with the highest relative capital cost is foam fractionation with on-site SCWO destruction 

because it requires two on-site processes and therefore received a score of 1. Foam fractionation with off-

site, high-temperature incineration received a score of 2 due to lower on-site capital expenses. Media 

sorption with off-site, high-temperature incineration scored a 3 because the vessels and ancillary 

equipment needed are relatively inexpensive. 

When considering relative O&M costs (without energy), alternatives with single-use media disposed of 

via high-temperature incineration received a score of 3, with primary O&M costs associated with transport 

and off-site incineration of a small volume of sorption media. Foam fractionation with high-temperature 

incineration scored a 2 due to the aeration costs of foam fractionation and the cost of off-site, high-
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temperature incineration of foamate. Foam fractionation with SCWO treatment of the foamate received a 

score of 3 because it does not incur fees associated with off-site, high-temperature incineration.  

Alternatives with high-temperature incineration or sorption media or foam fractionation foamate received 

a score of 2 for relative energy consumption because they require thermal incineration of waste 

materials. Foam fractionation followed by SCWO also received a score of 2, assuming that the energy 

required for SCWO treatment of foamate is similar to that required for high-temperature incineration of 

the same volume. SCWO of foamate is expected to require a co-fuel, such as diesel, to be self-sustaining. 

However, an on-site material, such as reject material or residuals, could potentially be used as a co-fuel 

source to reduce the purchase of external fuels.  

GAC and modified clay sorption scored a 1 for relative complexity and cost of pretreatment because it 

would require pretreatment, as described in Section 9.5. Alternatives with foam fractionation scored a 3 

because they do not require complex pretreatment.  

GAC sorption with high-temperature incineration received a score of 3 for applicability at scale. Modified 

clay sorption and foam fractionation with high-temperature incineration each received a score of 2 

because applications using these technologies are more limited. Foam fractionation with SCWO received a 

score of 1 because it includes two technologies with limited applications at this scale. 

9.2.4 Byproducts Management 

All four alternatives received a score of 1 for beneficial reuse because the water or solid byproducts 

produced are not expected to have valuable reuse opportunities. 

All alternatives with high-temperature incineration received a score of 1 for potential media shifting of 

PFAS. This is due to the current uncertainty and ongoing industry research to investigate PFAS 

transformations and emissions associated with high-temperature incineration. Alternatives with SCWO 

destruction received a score of 2 because there are still unknowns regarding the mass balance of fluorine 

through SCWO reactors. 

9.2.5 PFAS Management Alternatives for Preliminary Design 

Based on the screening described in Section 9.2, three PFAS management alternatives were carried 

forward to preliminary design and cost analysis for compost contact water: 

• Alternative 1a: GAC sorption followed by off-site, high-temperature incineration of GAC  

• Alternative 5a: modified clay media sorption followed by off-site, high-temperature incineration 

of modified clay 

• Alternative 8a: foam fractionation followed by off-site, high-temperature incineration of foamate 



 

 

 

 127  
 

9.3 Alternative Preliminary Design and Cost Curve Development 

9.3.1 Alternative 1a (Compost Contact Water) 

For Alternative 1a, pretreated compost contact water meeting the water quality listed in Table 9-2 flows 

directly to lead-lag GAC adsorption pressure vessels. Once GAC media is exhausted with respect to the 

target PFAS (limited by PFAS breakthrough in this case), it would be sent to high-temperature incineration 

for destruction. This process flow is summarized in Figure 9-1. 

Pretreated 

compost 

contact water

GAC 

effluent to 

WRRF

GAC media to high-

temperature incineration

Lead

GAC

Lag

GAC

 

Figure 9-1 Conceptual process flow diagram for Alternative 1a for compost contact water 

Key design basis assumptions for Alternative 1a are listed in Table 9-4, with additional details in 

Appendix E. 
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Table 9-4 Summary of design basis assumptions for Alternative 1a for compost contact 

water 

Design Parameter 

Basis 

0.0014 MGD/ 

1 gpm 

0.014 MGD/  

10 gpm 

0.14 MGD/  

100 gpm 

Vessel capacity (lb) 90 750 10,000 

Number of trains 2 1 1 

Number of vessels 

per train 
4 2 2 

EBCT per vessel 

(min) 
15 15 15 

HLR (gpm/sq. ft) 0.5 3.2 2.0 

Estimated bed 

volumes to 

breakthrough[1] 

6,400 6,400 6,400 

GAC disposal route 
High-temperature 

incineration 

High-temperature 

incineration 

High-temperature 

incineration 

[1] Defined as the estimated volume of water treated through the lead media vessel until the first detection of PFAS at 5 ng/L. 

Described further in Section 5.3.4 and Appendix D. 

Figure 9-2 and Figure 9-3 show the estimated capital and annual O&M costs for the range of influent flow 

rates considered for compost contact water. These costs do not include the pretreatment costs 

summarized in Section 9.5. Detailed tables with supporting data for the cost curves are included 

Appendix E.  

 

Figure 9-2 Capital cost curve for Alternative 1a for compost contact water 
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Figure 9-3 O&M cost curve for Alternative 1a for compost contact water 

Estimated annual O&M costs are approximately 40% over the estimated capital costs at the lowest flow 

rate. Estimated annual O&M costs are similar to estimated capital costs at 10 gpm. The highest operating 

costs are associated with operation and maintenance labor and sorption media replacement. 

Primary uncertainties for Alternative 1a for compost contact water include the following: 

• Actual GAC breakthrough timing and requirements, depending on actual pretreated water quality 

• Potential for GAC fouling limiting bed life over PFAS breakthrough 

• Pretreatment processes needed and ability to meet pretreatment targets 

• Location and incineration fees of a selected high-temperature incineration facility 

• The capital costs for the lowest flow rates may change depending on facility preference for 

operational flexibility. The vessels included in this analysis are relatively small such that a typical 

valve tree included with larger vessels is not standard and was not included. 

9.3.2 Alternative 5a (Compost Contact Water) 

For Alternative 5a, pretreated compost contact water meeting the water quality listed in Table 9-2 flows 

directly to lead-lag modified clay adsorption pressure vessels. Once modified clay media is exhausted with 

respect to the target PFAS (limited by breakthrough of short-chain PFAS), the spent sorption media would 

be sent to high-temperature incineration for destruction. This process flow is summarized  in Figure 9-4. 
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Figure 9-4 Conceptual process flow diagram for Alternative 5a for compost contact water 

Key design basis assumptions for Alternative 5a are listed in Table 9-5, with a detailed design basis in 

Appendix E. 

Table 9-5 Summary of design basis assumptions for Alternative 5a for compost contact 

water 

Design Parameter 
Basis 

0.0014 MGD/1 gpm 0.014 MGD/10 gpm 0.14 MGD/100 gpm 

Vessel capacity (cu. ft) 3 5 40 

Number of trains 1 3 4 

Number of vessels 2 6 8 

EBCT per vessel (min) 10 10 10 

HLR (gpm/sq. ft) 0.9 1.9 3.5 

Estimated bed volumes to 

breakthrough[1] 
10,000 10,000 10,000 

Media disposal route 
High-temperature 

incineration 

High-temperature 

incineration 

High-temperature 

incineration 

[1] Defined as the estimated volume of water treated through the lead media vessel until the first detection of PFAS at 5 ng/L. 

Described further in Section 5.3.4 and Appendix D. 

Figure 9-5 and Figure 9-6 illustrate estimated capital and annual O&M costs for a range of influent flow 

rates. These costs do not include pretreatment costs described in Section 9.5. Detailed capital and O&M 

cost estimates are in Appendix E. 
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Figure 9-5 Capital cost curve for Alternative 5a for compost contact water 

 

Figure 9-6 O&M cost curve for Alternative 5a for compost contact water 

Estimated annual O&M costs and estimated capital costs for Alternative 5a are similar to estimated costs 

for Alternative 1a. The highest operating costs are associated with labor and sorption media replacement 

and incineration. 

Primary uncertainties for Alternative 5a for compost contact water treatment include the following: 

• Actual PFAS breakthrough timing through modified clay media, depending on media 

performance and actual pretreated water quality 

• Potential for modified clay fouling to limit bed life over PFAS breakthrough 

• Pretreatment processes needed and ability to meet pretreatment targets 

• Location and incineration fees of a selected high-temperature incineration facility 
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• The capital costs for the lowest flow rates may change depending on facility preference for 

operational flexibility. The vessels in this analysis are relatively small such that a typical valve tree 

included with larger vessels is not standard and was not included. 

9.3.3 Alternative 8a (Compost Contact Water) 

For Alternative 8a, compost contact water would be pumped to a series of foam fractionation vessels. The 

contact water initially goes through a bag filter to remove suspended solids, avoiding solids buildup in the 

foam fractionation vessels. The foam generated from the primary foam fractionation vessel is further 

enriched in a secondary foam fractionation vessel. The air that generates the foam in the closed foam 

fractionation vessel is discharged to carbon canisters to capture volatile organics. The resulting foam is 

collected and transported to a high-temperature incineration facility for destruction. This process flow is 

summarized in Figure 9-7.  
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Treated 
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Figure 9-7 Conceptual process flow diagram for alternative 8a for compost contact water 

Key design assumptions for Alternative 8a are listed in Table 9-6, with an additional detailed design basis 

in Appendix E. 

Table 9-6 Summary of design basis assumptions for Alternative 8a for compost contact 

water 

Design Parameter 
Basis 

0.0014 MGD/1 gpm 0.014 MGD/10 gpm 0.14 MGD/100 gpm 

Number of primary vessels 2 2 4 

Number of secondary vessels 1 1 2 

Assumed concentration factor[1] 1,000,000 1,000,000 1,000,000 

Expected foamate flow rate (gpd) 0.0014 0.014 0.14 

[1] Based on vendor input. 
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Figure 9-8 and Figure 9-9 show estimated capital and annual O&M costs, respectively, for the range of 

influent flow rates considered for compost contact water. Detailed tables with supporting data for the cost 

curves are in Appendix E. 

 

Figure 9-8 Capital cost curve for Alternative 8a for compost contact water 

 

Figure 9-9 O&M cost curve for Alternative 8a for compost contact water 

Estimated capital and O&M costs for compost contact water are relatively independent of flow rate due to 

the modular nature of foam fractionation equipment and current vendor offerings. Capital costs for foam 

fractionation are approximately 3–40 times higher than GAC adsorption (Alternative 1a), and O&M costs 

are comparable between these two alternatives. The highest operating costs are associated with utilities, 

maintenance, and labor.  

Primary uncertainties for Alternative 8a for compost contact water include the following: 

• Actual concentrating factor of the foam (assumed to be 1,000,000) 
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• The removal efficiency of short-chain PFAS (such as PFBA) and the potential usage rate of cationic 

surfactants or enhancements to improve the removal efficiency. Polishing treatment (such as 

media sorption) on the treated water stream from foam fractionation may be needed to achieve 

the PFAS performance targets of this study. This would increase the capital and O&M cost 

estimates provided above. 

• Location and incineration fees of a selected high-temperature incineration facility 

9.4 PFAS Removal Performance and Reliability 

The relative ability of each alternative to meet treatment goals of <5 ng/L for target PFAS is summarized 

in Table 9-7. Alternatives 1a and 5a are expected to meet the PFAS treatment targets most of the time, 

with some risk of rapid breakthrough of short-chain PFAS and frequent media changeout required. 

Currently, it is uncertain if foam fractionation (Alternative 8a) can remove 90% of short-chain PFAS. If not, 

this would result in pass-through of PFAS such as PFBA, PFBS, PFHxA, and possibly others into the treated 

water phase at concentrations higher than the 5 ng/L target. Specific references for PFAS removal 

efficiency are detailed further in Appendix C. 

Table 9-7 PFAS removal performance and reliability for compost contact water treatment 

alternatives 

Target 

PFAS 

Assumed Influent 

Concentration 

(ng/L) 

Percent 

Removal to 

Achieve <5 ng/L 

Relative Ability to Consistently Meet Targets 

1a: GAC  
5a: Modified 

Clay 

8a: Foam Fractionation 

with Incineration 

PFBA 450 99% Moderate Moderate Low 

PFBS 10 50% Moderate Moderate Low 

PFHxA 500 99% Moderate Moderate Moderate 

PFHxS 10 50% High High High 

PFOA 30 83% High High High 

PFOS 20 75% High High High 

 

9.5 Example Pretreatment for PFAS Separation Technologies 

Applied to Compost Contact Water 

This section summarizes the conceptual design and capital costs for the pretreatment of compost contact 

water to limit the fouling of pressure vessel media sorption for PFAS treatment (Alternatives 1a and 5a). 

Other alternatives considered applicable for compost contact water (Alternative 8a and 8b—foam 

fractionation) are not expected to require pretreatment aside from filtration for TSS reduction. Currently, 

no commercial composting facilities in Minnesota have active treatment for contact water. Thus, 

implementing PFAS water treatment at composting facilities would require significant site upgrades and 

equipment installation. 
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Based on the assumed water quality in Table 9-2, contact water would need to be treated for TSS, TOC, 

and iron removal ahead of sorption media pressure vessels (Alternatives 1a and 5a) for PFAS treatment. 

The conceptual pretreatment system for compost contact water is assumed to include the following: 

• Aeration—to oxidize iron 

• Chemical precipitation and sedimentation—to remove oxidized iron, a fraction of the TOC, and 

fine suspended solids 

• Acid addition—to lower pH and prevent unionized ammonia toxicity during biological treatment 

(discussed in detail in Section 8.5) 

• MBR—to remove BOD5, TOC, and residual suspended solids 

The conceptual pretreatment process flow is shown in Figure 9-10. 

Compost 

contact 

water

Acid 

addition

PFAS 

treatment

Clarifier

MBR

Aeration 

tank

 

Figure 9-10 Conceptual pretreatment process flow diagram for compost contact water  

MBR systems require consistent flows to maintain healthy biomass. Because compost contact water flows 

are variable and dependent on precipitation, the treatment system will need sufficient flow equalization to 

maintain continuous flow during dry periods (e.g., summer and winter). It is assumed that existing contact 

water collection ponds could be used for flow equalization, with minor modifications as necessary. Thus, 

construction costs for equalization basins are not included in the capital costs shown below. If sufficient 

flow equalization is not practical for a specific facility, alternative pretreatment other than MBR could be 

evaluated to allow pretreatment on an as-needed basis (i.e., batch-wise) instead of MBR pretreatment, 

which requires continuous flow. For example, greensand filtration could be used for iron and TSS removal 

with GAC adsorption for TOC removal. An individual, site-specific feasibility study should be completed to 

evaluate the appropriateness of the conceptual pretreatment presented here, or alternative pretreatment 

strategies should be identified. 

High salts and metals, low biodegradability, and variable flow rates make compost contact water 

challenging to treat using conventional treatment methods. Depending on water quality and site-specific 

conditions, pretreatment using an MBR followed by GAC adsorption for PFAS removal may not be 
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effective. First, the low biodegradability of the organic matter present means that the pretreatment target 

for TOC may not be met. This could result in high concentrations of TOC in sorption vessel influent, using 

up sorption sites and requiring significantly faster changeout frequencies than anticipated to maintain 

effluent PFAS concentrations below detection limits. Second, iron may not be removed to the 

pretreatment targets through coagulation and settling and could precipitate on the sorption media, 

ultimately blocking pore spaces and requiring backwashing or frequent media changeouts. 

Capital cost estimates for this pretreatment train are shown in Figure 9-11. Costs are Class 5 (AACE) cost 

estimates with an accuracy range of +100%/-50%. This cost curve should only be used for the flow range 

shown (1–100 gpm; 0.0014–0.14 MGD).  

 

MBR costs from Lo, McAdam, and Judd (2015). Other equipment costs estimated from CapdetWorks 

(Hydromantis, v4.0). The solid line reflects the estimated cost curve. The dashed lines reflect  

+100%/-50% accuracy range. All costs scaled to November 2022 using ENR CCI (13175). 

Figure 9-11 Capital cost curve for new MBR installations with pre-aeration, sedimentation, and 

chemical addition for compost contact water pretreatment 

The conceptual pretreatment cost estimates did not include a detailed feasibility study or any design for 

site-specific requirements. Pretreatment needs are expected to vary by facility due to differences in 

existing infrastructure, water quality, space availability, and other site-specific constraints. Thus, the 

degree of detail included in this Report for pretreatment is less than that provided for PFAS treatment 

alternatives in subsequent sections. The conceptual pretreatment costs shown are intended to provide an 

order-of-magnitude estimate for potential pretreatment costs. Facilities looking to implement PFAS 

treatment should conduct site-specific treatment evaluations prior to capital planning or 

implementation.  

9.6 Other Considerations for Compost Contact Water 

The PFAS management alternative most appropriate for a given site will depend on space constraints, 

initial water quality, operational and treatment targets, and permit conditions. Sites targeting only long-

chain PFAS will likely find foam fractionation (as included in Alternative 8a) the most cost-effective 
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separation technology because it does not require pretreatment. However, foam fractionation’s efficacy 

for separating short-chain compounds remains limited at this time. Modified clay (Alternative 5a) is still 

being vetted as a sorption media for PFAS separation but may have specific advantages over GAC 

(Alternative 1a), such as lower capital cost and footprint. 

The decision to select one of these alternatives and implement them on-site will vary site by site and be 

based on the PFAS management strategy of the WRRF receiving the discharge. PFAS management 

strategies should consider if an on-site treatment is necessary. For example, if a downstream WRRF is 

implementing PFAS treatment or is willing to accept compost contact water as is, PFAS management may 

not be needed at the composting site. Other considerations for removing and destroying PFAS from 

compost contact water include the following: 

• Commercial SSOM composting facilities offer a critical means to reduce organic waste going to 

landfills and produce a saleable product (Minnesota Pollution Control Agency 2022). However, 

compost facilities have a very low-cost margin and limited ability to implement costly treatment 

of PFAS in contact water. Any level of on-site treatment of PFAS in contact water will likely require 

increasing the costs to dispose of organic materials at composing facilities or require external 

funding to keep these facilities operational.  

• While this Report identifies potential options for active treatment of PFAS in compost contact 

water, reducing PFAS loads in compost feedstocks in parallel with active water treatment would 

be a complementary way to reduce PFAS in compost contact water. Possible ways to reduce PFAS 

in compost feedstocks include (U.S. EPA 2021c): 

o Feedstock restrictions—identify PFAS loads in compost feedstock materials (e.g., food 

contact materials) and implement outreach programs to limit the input of these materials.  

o Phase-outs and bans on the use of fluorinated chemicals in compostable food materials, 

for example, refer to the standard for fluorinated chemicals from the Biodegradable 

Products Institute (Biodegradable Products Institute 2020). 

• Reducing the volume of contact water is another strategy that could be implemented in 

conjunction with active water treatment to reduce the overall size of the treatment system. 

Volume reduction could be accomplished by converting an open compost facility to an enclosed 

facility to limit water contributions from precipitation. A site-specific feasibility study would likely 

be needed to evaluate the costs and benefits of operating an enclosed composting facility versus 

an open composting facility and the expected impact on treatment system sizing. 

• High salt and metal concentrations, expected low biodegradability of organics, and variable flow 

rates of compost contact water make it challenging to treat using conventional treatment 

methods like GAC adsorption for PFAS removal. Future management of PFAS at composting 

facilities should target low-energy, low-complexity treatment that can handle variable flows, 

variable water qualities, and treatment options that can be operated as needed to manage 

periods of limited or no contact water generation.  
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• GAC treatment (Alternative 1a) was identified as the likely lowest-cost option, even when 

considering the inclusion of pretreatment unit operations. However, long-term GAC performance 

is uncertain, especially the feasibility of treating short-chain, terminal PFAS like PFBA with a 

relatively high load of background organics.  

• Modified clay (Alternative 5a) has slightly higher capital costs than Alternative 1a. The benefit of 

Alternative 5a over Alternative 1a may be higher water throughput before breakthrough of target 

PFAS. However, on-site testing would be required to determine the most effective sorption media. 

• Foam fractionation (Alternative 8a) with off-site disposal of the foamate is a promising alternative 

with similar estimated ongoing O&M costs as GAC but would likely require a higher upfront 

capital cost. Foam fractionation would also likely require on-site feasibility testing to demonstrate 

whether it can meet PFAS treatment targets, especially for short-chain PFCAs.  

• Other on-site destruction strategies for PFAS management will likely become more cost-effective 

as these technologies are further vetted and implemented. Future technology development for 

PFAS treatment is discussed further in Section 11.8. 

  



 

 

 

 139  
 

10 Regional PFAS Management Facility Evaluation 

Regional management of the waste streams containing PFAS described in the prior sections of this Report 

is considered here as a potential option to provide cost savings to multiple customers by centralizing 

PFAS destruction in one or several large, centralized locations rather than having on-site destruction 

technologies installed at individual sites. Here a “regional” facility is any facility that treats concentrated 

PFAS waste streams from multiple sites, as compared to the previous sections of this study, which 

addressed PFAS wastes from a single WRRF, landfill, or composting facility.  

Existing WRRFs currently serve as regional collection facilities for PFAS-impacted municipal and industrial 

streams, as well as direct-piped or hauled landfill leachate and compost contact water, However, these 

facilities were not designed to remove or destroy PFAS. If PFAS treatment needs to be implemented at 

WRRFs, they could also serve as regional facilities for PFAS management and destruction, provided they 

have available space for expansion.  

10.1 Products for Regional Facility PFAS Destruction by Waste 

Stream 

The products that could potentially be managed at a regional facility include solids or concentrated 

liquids. From WRRFs, this would include spent sorption media or concentrated liquids such as foam 

fractionation foamate or AIX regeneration still bottoms. Biosolids would likely be dewatered prior to 

management at a regional facility. Landfill leachate and compost contact water could potentially be sent 

to a regional facility without concentration, depending on the flow requiring treatment. Some of these 

facilities effectively practice regional management already by sending or trucking their effluents to a 

central WRRF. More practically, spent sorption media or concentrated liquids could be sent to a regional 

PFAS destruction facility. 

10.2 Technologies for Regional Facility PFAS Destruction 

The commercially available technologies known to destroy PFAS (high-temperature incineration, GAC 

reactivation, pyrolysis/gasification with thermal oxidation, and SCWO) are much more complex than 

typical waste management techniques in the state of Minnesota, requiring specialized training for 

operators. A regional PFAS residuals management facility could lower the number of PFAS destruction 

systems for biosolids and the number of specialized operators required within a certain geographic area.  

PFAS destruction facilities currently at scale are all high-temperature processes located outside the State 

of Minnesota. Potential economies of scale may be realized for these facilities due to their high capital 

costs as well as the associated potential for heat retention and energy recovery inherent in larger facilities. 

Regional savings would also be realized by reduced transportation costs for destruction of these materials 

outside Minnesota. For this study, regional destruction resources are evaluated for the final destruction of 

PFAS-containing waste streams using off-site high-temperature incineration or GAC reactivation 

(Alternatives 1a, 2a, 2b, 5a, 6a, 6b, and 8a developed for design and cost estimating).  
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Other regionalization options that may become feasible in the future include regional disposal of smaller 

volumes of foam fractionation foamate or AIX regeneration still bottoms using emerging destruction 

technologies such as SCWO, HALT, or electrochemical oxidation. 

10.3 Specific Considerations for Regional Facilities 

Regional facilities can be economically feasible and would provide resilience to individual facilities as 

current hauling and disposal rates for PFAS-laden waste streams increase. Prioritizing proximity to 

individual facilities in selection regional facility locations to reduce material hauling costs are likely to be 

critical for financial viability.  

The operation and management of regional facilities would be challenging and may require establishment 

of a specific entity/partnership to finance and operate the facility. Various management strategies and 

financial approaches can be developed. In one option (fee-based), costs incurred by the facility (capital, 

operation, and maintenance) could be recovered by tipping or disposal fees collected from individual 

facilities. This model may require higher fees and would not guarantee long-term collaboration with 

individual facilities. An alternative would separate the design and construction costs of the regional 

facilities in an up-front fee to WRRF partners (ownership). This would guarantee the participating 

individual facilities access to a portion of the regional facility capacity. The participating utilities typically 

contract with the regional facility owner to provide a portion of the funding for construction, 

maintenance, and facility operation. Contract terms vary widely but typically include fixed annual fees, 

periodic equipment replacement fees, and fees per unit of biosolids delivered to the regional facility. An 

example of this economic framework is detailed in Section 10.5.3. 

10.3.1 Summary of Existing Regional Facility Networks 

An existing network of high-temperature incineration facilities for hazardous waste currently accepts GAC 

and other sorption media containing PFAS. This network comprises about 10 facilities in the country, 

including those operated by Clean Harbors Environmental Services and Veolia North America, with none 

in Minnesota.  

Regional GAC reactivation facilities are operated by GAC vendors, with approximately 17 facilities in the 

country (U.S. EPA 2020), with none in Minnesota. These facilities have processes for GAC receiving and 

reactivation, followed by thermal oxidation of released gasses, as described in Section 3.4.2.  

10.3.2 Potential New Regional Facility Concepts 

Four types of regional PFAS destruction facilities were considered for evaluation in this report: 

• High-temperature incineration facility for sorption media, AIX resins, and other wastes, 

• Pyrolysis/gasification facility with thermal oxidation for WRRF biosolids, 

• AIX regeneration facility for spent, regenerable AIX resins, and 
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• SCWO facility accepting a variety of wastes, including biosolids, sorption media, AIX resin, and 

concentrated liquid waste streams. 

Given that high-temperature incineration is currently the most widely used destruction alternative for 

PFAS, potential cost scenarios and other considerations were developed for a hypothetical 

Minnesota high-temperature incineration facility. A new regional high-temperature incineration 

facility could incinerate sorption media, such as GAC, AIX resin, or modified clay media at high 

temperatures above 1,000°C, as described in Section 3.4.1. This facility could also potentially accept other 

PFAS-containing wastes such as biosolids, RO concentrate, foam fractionation foamate, or AFFF, though 

these feeds are not considered in this cost evaluation for simplicity. Considerations and costs for a 

potential new regional high-temperature incineration facility are likely similar to a new regional GAC 

reactivation facility, as the processes and temperatures required are relatively similar. 

A pyrolysis/gasification system with thermal oxidation was chosen for the development of cost 

scenarios and considerations for a regional PFAS destruction facility for biosolids. 

Pyrolysis/gasification systems with thermal oxidation are commercially available at full-scale. A regional 

pyrolysis/gasification facility would accept dewatered biosolids from municipal WRRFs rather than 

receiving liquid biosolids. Despite being dewatered, the biosolids would still contain more than 70% 

water, making the hauling distance to a regional facility and associated costs an important consideration. 

Receiving schedules and feed rates would need to be considered in planning a regional 

pyrolysis/gasification facility.  

A regional AIX regeneration facility would use organic solvent and brine mixtures to regenerate AIX resin 

for reuse, as described in Section 3.3.4. This is not a destruction technology but produces a brine with 

high concentrations of PFAS. This technology has been implemented at selected sites with AIX resin use 

rates large enough to merit the capital expense of a regeneration facility. However, this option was not 

considered for a potential regional facility due to the limited application of AIX regeneration and the fact 

that it is not a destruction technology. This option could be considered in the future as the number of AIX 

regeneration applications continue to be developed. 

A regional SCWO facility could potentially accept a combination of wastes, including biosolids, spent 

sorption media and AIX resins, and concentrated waste streams from liquid waste facilities. SCWO was 

previously detailed in Section 3.4.3. Specific wastes could include RO concentrate, foam fractionation 

foamate, and sorption media from WRRFs, landfills, and composting facilities. Planning and designing a 

multi-media SCWO facility would need to consider the range of waste mixtures that would make the 

facility economically viable. This option was not considered for detailed evaluation at this time because 

current SCWO applications are currently limited to small and pilot scale.  
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10.4 Sorption Media High-Temperature Incineration Facility 

Concept-Level Design 

10.4.1 Design Basis and Equipment Needs 

A new high-temperature incinerator targeted for sorption media is expected to require the following 

components:  

• Rotary kiln (1,000°C) 

• Secondary combustion chamber (1,100°C) 

• Spray dryer 

• Acid gas scrubbers to neutralize HF and other acids 

• Particulate baghouse filtration 

• Liquid scrubber to remove sulfur and NOx 

• Waste receiving equipment and storage tanks 

• Ash treatment process and metal recovery process  

• Residual solids load-off facility 

• Wastewater neutralization and treatment  

• Boilers to provide heat 

Specific unit sizes and requirements were not estimated because costs are scaled from reported expenses 

for a similar facility. The conceptual high-temperature incineration process is illustrated in Figure 10-1. 

Mineralization of PFAS is expected to produce significant quantities of corrosive hydrofluoric acid, which 

requires high-level alloys to sustain long-term operation at the high operating temperatures required.  
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Figure 10-1 Conceptual process flow diagram for sorption media regional high-temperature 

incineration facility 

10.4.2 Cost Estimates 

Estimating the cost of a new high-temperature solid waste incinerator facility capable of effectively 

destroying fluorocarbon bonds (i.e., 1,100˚C) is difficult because the system requires highly specialized 

materials (e.g., combusting fluorocarbons generates hydrofluoric acid that will corrode conventional steel 

and refractory materials). It also requires ancillary operations to support raw waste handling/storage and 

waste ash processing. In 2016, Clean Harbors completed a $120 million expansion to add a third high-

temperature hazardous waste incinerator to their El Dorado, Arkansas facility. The facility expansion can 

accept 60,000 tons/year of solid and liquid waste, including PFAS-containing wastes (Arkansas DEQ 2013). 

The Clean Harbors El Dorado Waste Incinerator Project’s incinerator loading design basis (and the 

corresponding fluorocarbon loading) is not publicly available. However, for this report, the project was 

assumed to be a sufficient surrogate for estimating the costs of a new similarly sized high-temperature 

solid and liquid waste incinerator facility.  

A new regional facility would also require the construction of several systems that were pre-existing and 

thus not included in the El Dorado expansion costs. These include waste receiving, ash treatment, 

scrubbers, and boilers. Therefore, the 2016 Clean Harbors El Dorado Incinerator Expansion Project cost 

underrepresents the costs for a new waste incinerator facility, and a scale factor of 1.5 (low-range) to 2.5 

(high-range) was applied to the Clean Harbors El Dorado Waste Incinerator Project’s cost. In addition, 

costs were adjusted for inflation using the Chemical Engineering magazine’s Chemical Engineering Plant 

Cost Index (CEPCI) (Lozowski n.d.).  

Table 10-1 presents the estimated 2022 cost for constructing a new, greenfield high-temperature waste 

incinerator facility capable of processing 60,000 tons/year of PFAS-containing waste streams to match the 

size of the facility expansion discussed above. This capacity is similar to the rate of spent GAC from 350 

MGD of WRRF effluent treatment for PFAS using the media use rates estimated for this study. This cost 

estimate does not include costs associated with engineering or permitting, which could be substantial, 

depending on the degree of public support and comment.  
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Table 10-1 Estimated capital costs for a regional high-temperature incineration facility in 

Minnesota 

Variable Value  

2016 Clean Harbors El Dorado Waste Incinerator expansion cost $120,000,000 

Inflation adjustment factor (CEPCI May 2022/2016)  53.4% (831.1/541.7) 

Estimated ancillary plant infrastructure scale factor[1] 2.0 

Estimated 2022 new greenfield waste incinerator facility cost 

range (2022 dollars) 

$370,000,000 

Range: (-30%) $260,000,000 to (+50%) 

$550,000,000 

[1] The Estimated Ancillary Plant Infrastructure Scale Factor represents the additional capital cost associated with constructing 

waste receiving equipment (e.g., loading range and material handling equipment), waste storage tank, ash treatment, and 

metal recovery processes (lime silos, material handling equipment, basins, etc.), utilities (boilers, electrical, water), process 

buildings, and administrative buildings. 

Operating costs for the facility are assumed to include the following: 

• The bulk of material processed is spent GAC, delivered at 50% water content by weight 

• Labor for operation, assumed to require 30 full-time employees (FTE) 

• Equipment maintenance, assumed to be 5% of the initial capital cost 

• Natural gas use, based on the operation of similar facilities and throughput 

• Electrical use, based on experience with similar facilities 

• Ash disposal, assuming that 50% of the initial, dry GAC mass ends as ash 

• Water costs, pretreatment costs, and WRRF surcharges for cooling tower blowdown, scrubber 

water, wash water from ash handling, and boiler water blowdown 

Income for the facility would primarily be gained through incineration fees per mass of waste incinerated. 

While these costs vary by waste characteristics and will likely vary in the future, based on feedback from 

existing vendors and information summarized in U.S. EPA’s interim guidance on PFAS disposal and 

destruction (U.S. EPA 2020), the estimated waste processing fee charged by existing facilities is 

approximately $1,300 per ton of waste received. Table 10-2 summarizes estimated annual O&M costs, 

income, and net profits for a regional high-temperature incineration facility.  
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Table 10-2 Annual estimated operational and maintenance costs and income for a regional 

high-temperature incineration facility handling spent GAC in Minnesota 

Greenfield Incineration Facility  Unit Unit Cost Annual Quantity Annual Cost[1] 

Cost Analysis 

Staffing and administration FTE $75,000 30 ($2,300,000) 

Equipment maintenance 
Percent of 

capital  
$368,000,000 5% ($18,000,000) 

Electrical use (for plant) kWh $0.09 19,000,000 ($1,700,000) 

Natural gas use (for combustion) 1,000 SCF $8.14 2,900,000 ($23,000,000) 

Chemical use tons $170 1,000 ($170,000) 

Ash disposal tons $100 3,000[2] ($300,000) 

Water costs, wastewater 

treatment, and surcharges[3] 
$/gpm $7,500 130 ($980,000) 

Other ancillary O&M costs not 

included here 
Assumed 10% of items above ($4,800,000) 

Total facility O&M Costs  ($52,000,000) 

Income analysis 

Income from incineration fees 
tons wet spent 

media 
$1,300 60,000 $78,000,000 

Taxes on income % 21% $78,000,000 ($16,000,000) 

Total estimated annual facility 

net annual operating income  
 $10,000,000 

[1] Red text indicates expenses and black text indicates income. All annual costs subjected to +50%/-30% cost uncertainty range. 

Sums and products were rounded to two significant digits to reflect the uncertainty in the estimate, so some do not exactly 

match the sum or product of source values. 

[2]  Assumes 10% ash content of dry GAC and 50% initial water content of delivered material. 

[3]  Estimated water treatment and disposal costs of $1,500-$3,000/gpm for POTW discharge fees, plus $6,500-$10,000/gpm for 

pretreatment. Water treatment flow of approximately 130 gpm based on experience with similar facilities. 

10.4.3 Economic Analysis  

Twenty-year NPV costs are summarized in Figure 10-2. Generally, net annual income at $1,300/ton fees 

will be positive but may not be enough to pay back the initial capital investment. The payback time for the 

initial capital costs would likely be longer than 20 years, possibly closer to 50 years, which exceeds the 

typically-acceptable range for return on a large investment and may also exceed the operating lifetime of 

the facility. As a result, this project would likely require external financial support or higher fees, which 

may be possible given the lower anticipated transportation costs for a local facility summarized in 

Table 10-5. 
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Range of costs reflect the +50%/-30% range reflected in Tables 10-1 and 10-2. 

Range of income reflects a range of potential disposal fees between $500 and $2,500 per ton. 

Figure 10-2 Estimated 20-year NPV and income ranges for regional high-temperature 

incineration facility 

Table 10-3 and Table 10-4 summarize the sensitivity analysis conducted for the regional facility concept. A 

range of 2%–6% real interest rate (achievable market rate interest, less inflation) was used to reflect a high 

degree of future uncertainty due to currently high inflation rates. A range was also used to reflect the 

potential fees the facility could charge for incineration, between $500/ton and $2,500/ton based on 

estimates for existing facility fees. The NPV of a 60,000 ton/year regional high-temperature incineration 

facility is the present value of the amortized capital cost and the sum of operation and maintenance costs 

over a specified evaluation period. An analysis of the sensitivity of the NPV to changes in tipping fee and 

real interest rate (Table 10-3) showed that the project is estimated to have a positive NPV if it can charge 

incineration fees over $2,000/ton. Using a transportation cost of $3/mile for 20-ton trucks ($100 savings 

per ton for decreasing trip length by 700 miles), this pricing is unlikely to be competitive, with out-of-state 

facilities currently charging approximately $1,300/ton. Table 10-4 illustrates NPV for different capital and 

O&M costs as well as fees and reflects the high level of uncertainty at this stage of analysis.  
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Table 10-3 Economic analysis for regional high-temperature incineration facility in 

Minnesota, in millions of USD—sensitivity of NPV to incineration fees and real 

interest rate 

Real interest rate 2% 2% 6% 6% 
Simple payback period (years) 

Project evaluation period 10 years 20 years 10 years 20 years 

In
ci

n
e
ra

ti
o

n
 f

e
e
s 

(U
S
D

 p
e
r 

to
n

) 

$500 -$620 -$830 -$580 -$690 No profit 

$1,000 -$420 -$450 -$410 -$430 No profit 

$1,500 -$200 -$59 -$230 -$150 19[1] 

$2,000 $16 $330 -$54 $120 9 

$2,500 $230 $730 $120 $400 6 

[1] Some scenarios with negative 10-year or 20-year NPV have positive payback periods because the payback period does not 

include present value losses due to interest. 

Table 10-4 Economic analysis for regional high-temperature incineration facility in 

Minnesota, in millions of USD—sensitivity to incineration fees and capital and O&M 

cost ranges (3% interest, 20 years)[1] 

Metric NPV at 3% interest (Million USD) Simple payback period (years) 

Capital cost range 
Low 

($276) 

Med 

($368) 

High 

($460) 
Low Med High 

In
ci

n
e
ra

ti
o

n
 f

e
e
s 

(U
S
D

 p
e
r 

to
n

) $500 -$300 -$790 -$1,700 No profit No profit No profit 

$1,000 $58 -$440 -$1,400 13 No profit No profit 

$1,500 $410 -$86 -$1,000 6 19 No profit 

$2,000 $760 $270 -$690 4 9 No profit 

$2,500 $1,100 $620 -$330 3 6 32 

[1] Cost range reflects both capital and operating cost ranges shown in Table 10-1 and Table 10-2. 

Other items (externalities) considered in the economic analysis were benefits to Minnesota WRRFs, 

greenhouse gas impacts, and the potential for local air and noise pollution. The base case used for 

comparison assumes that the same amount of sorption media would be disposed of at existing, out-of-

state regional high-temperature incineration facilities rather than at a new, in-state facility. Externality 

economics are summarized in Table 10-5. Local pollution externalities were not quantified but include 

economic costs associated with damage, decrease in land value, and loss of productivity; social costs such 

as medical costs; and environmental costs such as biodiversity and sustainability.  
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Table 10-5 Estimated economic externalities for regional high-temperature incineration in 

Minnesota (compared to out-of-state incineration) 

Benefit externalities Conversions used  Key metrics 

Benefit or cost 

per year 

($/year) 

Trucking benefits for 

Minnesota WRRFs[1] 
Trucking miles to cost 2,100,000 miles $6,000,000 

Greenhouse gas emissions 

benefits (decrease due to 

less trucking)[2] 

Trucking ton-miles to cost  

Tons equivalent CO2
 to cost 

42,000,000 ton-miles 

7,500 tons equivalent CO2 
$400,000 

[1] Benefits to WRRFs assume equal incineration fees for proposed versus existing out-of-state incinerators but a shorter shipping 

distance of 50 miles rather than 750 miles and $3/mile for 20-ton trucks. Total miles needed were estimated based on GAC 

use rates for Alternative 1a for municipal wastewater. 

[2] GHG emission cost impacts assume the same energy use for incineration for the proposed versus existing out-of-state 

incinerator, with GHG savings due to shorter shipping distance based on the International Monetary Fund value of $50/ton 

(Gillingham 2019) with 161.8 grams of CO2 per ton-mile of trucking, based on the Environmental Defense Fund (Mathers 

2015). 

The primary conclusion of the cost analysis of the regional high-temperature incineration facility is that 

tipping fees need to be over $1,500 to $2,000 (depending on final capital cost) to generate enough 

revenue over 20 years to offset the capital investment and operational costs. 

10.5 Biosolids Pyrolysis/Gasification Facility Concept-Level Design 

10.5.1 Design Basis and Equipment Needs 

Outside of the Twin Cities metro area, most Minnesota WRRFs treat less than 20 MGD of wastewater 

influent and produce less than 20 dtpd of solids on average. A regional biosolids facility for PFAS 

destruction having a treatment capacity of 50 dtpd (200 wet tons of solids at 25% TS) could serve two or 

more local WRRFs in most areas of the state, except the Twin Cities metro region. Thus, 50 dtpd was 

selected as the biosolids treatment capacity for the regional pyrolysis/gasification conceptual design. 

Currently, two regional pyrolysis/gasification facilities in the United States can process more than 50 dtpd: 

one in New Jersey and the other in California.  

A regional drying and pyrolysis/gasification facility requires the following: 

• Biosolids receiving station and storage of biosolids 

• Drying and pyrolysis/gasification treatment process (including conveyance, air treatment, and 

other ancillary processes as part of pyrolysis/gasification) 

• Biochar storage 

• Biochar loadout facility 
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An equipment vendor typically provides the treatment process as a complete package, including the 

dryer, pyrolyzer or gasifier, thermal oxidizer, and air emissions and handling equipment. Equipment and 

facilities supplied by the regional facility owner will be: 

• Biosolids receiving station and conveyance 

• Biosolids storage (short-term) 

• Biochar storage and conveyance 

• Biochar loadout 

• Warehouse-style building to house dryer, pyrolyzer/gasifier, and thermal oxidizer 

• Electrical, natural gas compressed air, and other supporting utilities to the drying and pyrolysis 

equipment 

A summary of the key design parameters for the regional pyrolysis/gasification facility is provided in 

Table 10-6. For this study, the regional biosolids treatment facility was assumed to be constructed by one 

of the participating utilities on property already owned by the utility.  

Table 10-6 Summary of design basis assumptions for regional biosolids pyrolysis/gasification 

facility 

Design Parameter Basis 

Dewatered biosolids treatment capacity (dtpd) 50 

Biosolids feedstock total solids (%TS) 25 

Biosolids storage hopper volume (cubic feet, each) 6,400 

Days of storage (total) 3 

Receiving and hopper area footprint 100 ft x 50 ft 

Biochar production rate (ton/dry ton of biosolids) 0.35-0.60 

Biochar production (ton/day) 18-30 

Days of storage of biochar 14 

Biochar storage volume (cubic feet) 9,800 

Dryer, pyrolysis/gasification, and thermal oxidizer system footprint 100 ft x 200 ft 

 

A process flow diagram was developed to illustrate the concept of a regional drying and 

pyrolysis/gasification facility and is provided in Figure 10-3. 
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Figure 10-3 Conceptual process flow diagram for regional biosolids pyrolysis/gasification 

facility 

10.5.2 Cost Estimates  

Construction cost data for pyrolysis/gasification facilities handling from 4 dtpd to 50 dtpd were assembled 

and evaluated to develop the costs for a 50 dtpd regional facility (Figure 10-4). Cost estimates were 

prepared to Class 5 (AACE) accuracy. The estimates included all dryer and pyrolysis/gasification system 

equipment, piping and conveyance, product storage, ancillary systems, electrical, instrumentation, 

building, and indirect costs for constructing a complete PFAS destruction system for biosolids. 

Engineering fees were not included in the estimates.  
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Figure 10-4 Construction cost in millions USD for a biosolids drying and pyrolysis/gasification 

facility with a capacity of up to 50 dtpd 

A regional biosolids pyrolysis/gasification facility for PFAS destruction will likely require equipment in 

addition to what was included in the estimates used to develop the construction cost (Figure 10-4). Those 

items are:  

• Biosolids receiving and conveyance 

• Biosolids storage (short-term) 

• Biochar storage and conveyance to loadout 

For the conceptual 50 dtpd regional facility in this study, an additional $20 million was added to the 

capital cost estimate to account for the additional equipment. Table 10-7 summarizes the estimated 

capital costs for a regional biosolids pyrolysis/gasification facility.  

Table 10-7  Estimated capital cost for a regional biosolids pyrolysis/gasification facility in 

Minnesota 

Variable Capital Cost 

Biosolids pyrolysis/gasification process and facility, 

50 dtpd 
$140,000,000 

Biosolids receiving, conveyance, and storage $10,000,000 

Biochar storage and loadout  $10,000,000 

Total capital cost 
$160,000,000 

Range: (-30%) $110,000,000 to (+50%) $240,000,000  
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Operation and maintenance costs for the regional biosolids facility are assumed to include the following: 

• Labor for operation and maintenance—assumed to require two FTEs 

• Equipment maintenance—assumed to be 2% of initial capital cost 

• Natural gas use at system startup 

• Electricity input to the process 

The operation and maintenance costs developed from three recent pyrolysis/gasification facility estimates 

and described in Section 7 of this Report can be applied to the regional facility. Estimates from 

pyrolysis/gasification systems larger than 10 dtpd showed a trend of decreasing costs per dry ton as the 

system size increased, as shown in Figure 10-5. A cost of $140 per dry ton was selected as a conservative 

O&M cost for a 50 dtpd regional facility based on existing installations, which translates to $2.56M in 

annual operating costs.  

 

Figure 10-5 Estimated O&M cost per mass for biosolids pyrolysis/gasification with thermal 

oxidation  

10.5.3 Economic Analysis  

The economics of any regional biosolids pyrolysis/gasification facility will be unique. Many factors will 

influence the economic analysis, including any initial investment of the consortium in the system 

purchase, inflation of utility and commodity prices, fees charged per ton of biosolids received at the 

facility, and revenue generated from the sale of the biochar product. To simplify the economic analysis of 

a regional pyrolysis/gasification system, the utility constructing the pyrolysis/gasification facility was 

assumed to pay the facility's initial capital cost, which would then be amortized over the analysis period. 

Income would be obtained from the tipping fees on the biosolids received at the pyrolysis/gasification 

facility. The biochar product would not generate revenue or have a disposal cost. Energy recovered from 

the pyrolysis/gasification process will be fully used within the process. 
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The NPV of a 50 dtpd regional pyrolysis/gasification system is the present value of the amortized capital 

cost and the sum of operation and maintenance costs over a specified evaluation period. An analysis of 

the sensitivity of the NPV to changes in tipping fee and real interest rate is shown in Table 10-8. ( This 

analysis demonstrates that the NPV is more sensitive to changes in real interest rate as the tipping fees 

increases. The scenarios with lower interest rates and the highest tipping fee charged over 20 years were 

the only scenarios with a positive NPV. 

Table 10-8 Economic analysis for regional pyrolysis/gasification facility in Minnesota, in 

millions of USD—sensitivity of NPV to biosolids tipping fees and real interest rate  

Real interest rate 2% 4% 6% Simple payback 

period (years) Project evaluation period 20 years 20 years 20 years 

Tipping 

fee (USD 

per wet 

ton) 

$50 -$147 -$150 -$153 >20 

$100 -$86 -$100 -$110 >20 

$150 -$26 -$49 -$68 >20 

$200 $35 $1 -$25 15 

 

A second analysis fixed the interest rate to test the sensitivity of the NPV and payback period to the 

capital cost and tipping fees, as shown in Table 10-9. The lowest capital cost and highest tipping fee 

scenarios achieved a payback period of fewer than 20 years. Half of the scenarios, however, required more 

than 20 years to achieve a simple payback on the system and its operation.  

Table 10-9 Economic analysis for regional pyrolysis/gasification facility in Minnesota, in 

millions of USD - sensitivity to tipping fees and capital and O&M cost ranges (3% 

interest, 20 years) 

Metric NPV at 3% interest (Million USD) Simple payback period (years) 

Capital cost range 
Low 

($110) 

Med 

($160) 

High 

($240) 
Low Med High 

Tipping 

fee 

($/wet 

ton) 

$50 -$97 -$150 -$233 >20 >20 >20 

$100 -$41 -$94 -$178 >20 >20 >20 

$150 $13 -$40 -$123 10 >20 >20 

$200 $38 $15 -$68 1 10 >20 

 

While Table 10-9 indicates the 20-year NPV of the conceptual regional pyrolysis/gasification facility is 

favorable only at the higher tipping fee and lower construction cost range, it is important to consider that 

costs and revenue streams were kept simplistic for this initial evaluation of conceptual lifecycle costs. This 

analysis assumed the owner of the regional facility would bear the full cost of construction and 

maintenance over the 20-year period, collecting revenue only from tipping fees.  

A regional facility could decrease its capital cost and increase annual income by contracting with the 

individual WRRFs to contribute to the construction cost of the facility and to pay an annual O&M fee. A 

scenario was developed for a 50 dtpd regional facility that included capital cost contributions from the 

participating utilities, annual fees, and tipping fees. It was assumed the regional facility operated at 80% 
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capacity on average. Biochar revenue was not included because its market value is currently unknown. The 

parameters used and the resulting NPV of the project for the regional facility are shown in Table 10-10. 

This scenario demonstrates the financial benefit to the regional facility owner of cost-sharing for the 

construction of the facility and charging regular maintenance fees. 

Table 10-10 NPV of a regional pyrolysis/gasification facility in Minnesota with capital cost and 

O&M contributions from individual WRRFs 

Variable Value  

Regional pyrolysis/gasification facility treatment capacity (dtpd) 50 

Regional pyrolysis/gasification facility construction cost -$160,000,000 

Number of utilities using the regional pyrolysis/gasification facility 5 

Construction cost contribution per utility $5,000,000 

Annual maintenance fee per utility $1,000,000 

Tipping fee collected (per wet ton) $150/wet ton 

Dewatered biosolids processed (wet ton per day) 160 

Real interest rate 3% 

NPV (3% interest, 20 years) $28,800,000 

 

This scenario demonstrates that a regional pyrolysis/gasification facility is economically viable for the 

owner of the regional facility when participating utilities pay more than the tipping fees alone. The 

scenario was further developed to compare the costs to a utility for contracting with the regional 

pyrolysis/gasification facility to the cost of constructing and operating their own pyrolysis/gasification 

facility. The utility was assumed to construct a 10 dtpd pyrolysis/gasification facility on their existing site 

and use it to process an average of 8 dtpd. In Table 10-11, costs detailed in Section 7 of this Report for 

constructing and operating an independent, 10 dtpd pyrolysis/gasification facility are compared to the 

cost to the utility for being part of a regional facility.  
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Table 10-11 Comparison of cost to utility for construction and operation of an independent 

pyrolysis/gasification facility versus a regional facility 

 
Value to utility -

independent facility 

Value to utility –  

regional facility 

Pyrolysis/gasification treatment capacity on-site (dtpd) 10 0 

Dewatered biosolids processed/trucked (dtpd) 8 8 

Dewatered biosolids processed (wet ton per day, 25% TS) 32 32 

Utility contribution to pyrolysis/gasification facility 

construction cost 
-$75,700,000 -$5,000,000 

Power, natural gas, labor, and consumables annual cost 

(in year 1, cost escalated over 20 years) 
-$600,000 $0 

Annual maintenance fee for regional facility $0 -$1,000,000 

Tipping fee (per wet ton) $0 -$150/wet ton 

Biosolids hauling cost ($3/mile, 50 miles round trip)[1] $0 -$11/wet ton 

NPV (3% interest, 20 years) for individual utility -$87,600,000 -$41,600,000 

[1] Full truck load is approximately 14 tons of biosolids. WRRF requires 2.3 trucks per day. 

This analysis shows that pyrolysis/gasification treatment of biosolids would be a significant investment for 

a WRRF producing 10 dtpd of biosolids. However, the cost to the utility would be lower when 

participating in a consortium of smaller biosolids producers to support a regional pyrolysis/gasification 

facility.  

The primary conclusions of the cost analysis of the regional pyrolysis/gasification facility are summarized 

into the following: 

• Lower capital costs and a lower interest rates make the regional facility more economically viable. 

• Tipping fees over $150/wet ton can generate enough revenue over 20 years to offset the capital 

investment and operational costs of a regional facility. 

• The NPV of a regional pyrolysis/gasification facility is improved significantly if the participating 

utilities contribute to the initial construction cost and pay an annual maintenance fee. 

• The cost to the utility for sending biosolids to the regional pyrolysis/gasification facility is less 

than half the cost of building and operating their own facility. 

• A regional pyrolysis/gasification facility is an economically viable option if a group of utilities 

needs to implement biosolids treatment for PFAS destruction. 

10.6 Permitting and Siting Considerations 

Permitting and building a new PFAS-focused waste management facility in Minnesota present significant 

barriers. Currently, no PFAS destruction facilities are located in Minnesota. However, the permitting 
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requirements for similar facilities provide a framework for what could be expected. For example, public 

acceptance of this type of facility could be a primary barrier and care would be needed during planning 

and siting to ensure that such a facility would not disproportionately affect disadvantaged communities.  

The air emissions associated with a PFAS destruction facility are expected to be between 10 and 50 

tons/year each for PM, SO2, VOCs, and NOx (Arkansas DEQ 2013). In addition, the potential for PFAS 

emissions from these facilities needs to be evaluated. Multiple studies have demonstrated over 99.9% 

removal of target PFAS, with airborne concentrations below detection limits (Thoma et al. 2022; DiStefano 

et al. 2022; Davis 2020), but a full mass balance on organic fluorine has not been closed. Minnesota has air 

emission standards for PFBA, PFHxA, PFHxS, PFOA, and PFOS in the range of 0.05 to 10 µg/m3 (Minnesota 

Department of Health n.d.), all of which were met in the Arkansas study referenced above for a high-

temperature incineration facility similar to the potential facility outlined here. However, airborne PFAS 

emissions were measured on the order of 0.35 µg /m3 in stack gas for the sum of the five regulated 

compounds listed above (DiStefano et al. 2022), suggesting some potential to exceed Minnesota 

standards as designed. 

This type of facility would be difficult to permit, and if permittable, would likely take many years to do so. 

A new facility would likely trigger a mandatory Environmental Impact Statement (EIS) pursuant to Minn. 

R. 4410.4400 Subpart 12 or 13 or a discretionary EIS if the project would be viewed as controversial by the 

public. An EIS would likely require a minimum of three years to approve and may take more than 10 years. 

The EIS would require several technical analyses, potentially including an unprecedented Air Emissions 

Risk Assessment focusing on PFAS emissions. The facility would likely trigger an air dispersion modeling 

assessment to demonstrate compliance with the National Ambient Air Quality Standards and may require 

additional air pollution control equipment (the primary concern being nitrous oxide emissions), which 

could further increase costs and permitting time. The facility may generate PFAS-containing industrial 

stormwater and wastewater streams and may require site-specific PFAS treatment processes required by 

the National Pollutant Discharge Elimination System (NPDES) program. Depending on the siting of the 

facility and public interest in the project, the facility location could present environmental justice concerns 

and/or undergo substantial public scrutiny during the public comment periods that would delay the 

permitting timeline. 

Permitting would likely be easier for an existing service provider that already operates high-temperature 

incineration because existing suppliers would have actual emissions data from their operating units. For a 

new facility, several conservative assumptions (e.g., post-control toxics concentrations, pre-control storage 

tank specifications, etc.) could cause permitting issues and may require additional analyses (e.g., toxic 

pollutants sensitivity analyses, modeling iterations, sampling campaigns, etc.).  
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11 PFAS Management Themes and Conclusions 

11.1 Breaking the Cycle  

Future work to reduce the human and environmental health impacts of PFAS could focus on breaking the 

cycle of continuous shifting between soils, groundwater, surface water, and the atmosphere. Breaking the 

cycle could include reducing the load of PFAS routed to the environment in waste streams (the focus of 

this study), reducing cross-media transfer of PFAS, and removing PFAS from the environment for final 

destruction. Other upstream options could include producing fewer PFAS-containing products to limit 

future PFAS discharges to the environment. 

As described in Section 1, wastewater and solid waste management systems are key routes for PFAS to 

enter the environment from a multitude of consumer products. These sources were illustrated in 

Figure 1-1. This study has evaluated the feasibility of currently available technologies and estimated the 

associated costs to apply these technologies for end-of-pipe PFAS removal and destruction for four waste 

streams, which would contribute to breaking the continued cycling of PFAS in the environment. Summary 

costs presented in this section generally use the lowest cost alternative for each waste stream. The 

alternative selected for liquid waste streams was tertiary treatment followed by GAC adsorption and GAC 

reactivation or incineration, depending on the facility flow rate. The alternative selected for WRRF 

biosolids was pyrolysis/gasification with thermal oxidation. However, each project should evaluate site-

specific requirements and constraints to select the most suitable alternative. 

11.2 Costs per Mass of PFAS Removed 

The results of this study show that the cost per mass of PFAS destroyed is lower for higher-concentration 

waste streams like mixed MSW landfill leachate, compost contact water, and to some extent, WRRF 

biosolids, relative to municipal WRRF effluent. 

Removal and destruction of PFAS over a 20-year operating period are expected to cost from $2.7 to $18 

million per pound of PFAS removed for WRRF effluent (including retrofits for tertiary treatment) and $1.0 

to $2.7 million per pound for WRRF biosolids (including biosolids dewatering upgrades) (Table 11-1). 

These costs will vary depending on facility size, biosolids production rates, and the concentration and 

speciation of PFAS reporting to biosolids and effluent at each facility. In contrast, the estimated cost per 

pound of PFAS removed is considerably lower at large landfill facilities, with potential costs as low as 

$400,000 per pound of PFAS removed at landfills treating 100 gpm of leachate.  

This finding highlights the high cost of removing PFAS at WRRFs. Lower costs per mass of PFAS may be 

achieved at upstream facilities and landfills due to the higher concentration of PFAS in those discharges 

versus blended municipal WRRF influent. Costs per mass of PFAS removed at municipal WRRFs decrease 

as the facility size increases, indicating PFAS removal at larger WRRFs may be more economical. Costs per 

mass of PFAS removed are higher in compost contact water than in other waste streams evaluated due to 

the economy of scale for implementing complex water treatment at low flow rates. 
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Table 11-1 Estimated cost per mass of PFAS removed from targeted waste streams over 20 

years[1]  

 Size/Production 

Municipal WRRF facility size[3] 0.1 MGD 1 MGD 10 MGD 

Municipal WRRF effluent capital $7,300,000 $32,000,000 $120,300,000 

Municipal WRRF effluent annual O&M $500,000 $1,400,000 $6,400,000 

Total 20-year cost for municipal WRRF effluent[2] $12,600,000 $46,900,000 $188,200,000 

Cost per lb PFAS removed over 20 years[5] $18,100,000 $6,800,000 $2,700,000 

Municipal WRRF biosolids production[4] On-site biosolids 

management for 

facilities smaller 

than 1 dtpd is not 

expected to be 

economical. 

1 dtpd 10 dtpd 

Municipal WRRF biosolids capital $24,600,000 $85,200,000 

Municipal WRRF biosolids annual O&M $200,000 $800,000 

Total 20-year cost for municipal WRRF biosolids $26,800,000 $93,700,000 

Cost per lb PFAS removed over 20 years[5] $2,700,000 $1,000,000 

Mixed MSW landfill facility size[3] 1 GPM 10 GPM 100 GPM 

Mixed MSW landfill leachate capital $300,000 $800,000 $4,800,000 

Mixed MSW landfill leachate annual O&M $400,000 $400,000 $700,000 

Total 20-year cost for mixed MSW landfills $4,600,000 $5,100,000 $12,300,000 

Cost per lb PFAS removed over 20 years[5] $12,000,000 $1,400,000 $400,000 

Composting facility size[3] 1 GPM 10 GPM 100 GPM 

Compost contact water capital $300,000 $800,000 $4,800,000 

Compost contact water annual O&M $300,000 $300,000 $600,000 

Total 20-year cost for composting facilities $3,500,000 $4,400,000 $11,200,000 

Cost per lb PFAS removed over 20 years[5] $39,300,000 $4,500,000 $1,300,000 

MGD = million gallons per day, dtpd = dry tons per day, and gpm = gallons per minute 

[1] Costs presented here reflect estimated project cost (Class 5 per AACE) developed with an associated uncertainty of +50%/-

30% for both capital and annual O&M cost estimates. Costs are based on design basis concentrations selected to be typical of 

those reported in WRRF effluent (Helmer, Reeves, and Cassidy 2022; Coggan et al. 2019; Thompson et al. 2022), biosolids 

(Venkatesan and Halden 2013; Helmer, Reeves, and Cassidy 2022), landfill leachate (Lang et al. 2017), and compost contact 

water (Wood Environment & Infrastructure Solutions Inc. 2019). All costs are rounded up to the nearest $100,000. 

[2] 20-year costs reflect present value calculations using an interest rate of 7%. 

[3] Upgrade costs for liquid-phase treatment in WRRF effluent, mixed MSW landfill leachate, and compost contact water are for 

PFAS separation and destruction using GAC adsorption with high-temperature incineration of media (at flows below 10 MGD) 

or GAC reactivation (at 10 MGD or higher). These include approximate costs for tertiary treatment retrofits (at WRRFs) or 

pretreatment processes (at mixed MSW landfill leachate and composting sites) likely needed at most facilities to provide the 

water quality required for GAC feed.  

[4] Upgrade costs are for PFAS destruction in WRRF biosolids using pyrolysis or gasification with thermal oxidation of produced 

gasses. Costs include centrifuge dewatering to provide 25% solids material for process feed for each facility. 

[5] Mass PFAS removed reflect the sum of assumed concentrations of PFAS targeted in this study (PFOA, PFOS, PFHxA, PFHxS, 

PFBA, PFBS, 6:2 FTS, PFOSA, N-EtFOSAA, and N-MeFOSAA) as previously documented in Sections 2.3, 6.1.2, 7.1.2, 8.1.2, 9.1.2 

multiplied by the flow rate or solids production rate shown. 

11.3  PFAS Management Options for Minnesota 

Society’s ability to manage PFAS in the environment will depend upon strategies to remove these 

chemicals from consumer products and identify and implement cost-effective technologies to remove and 

destroy PFAS. Removal of PFAS from WRRF effluent using technologies currently available may not be 
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practical due to the high costs per mass of PFAS treated. By comparison, the cost for removal of PFAS 

from WRRF biosolids, mixed MSW landfill leachate, and compost contact water is more efficient. Still, it 

could also benefit from innovation and improvement in the efficiency of future remediation technologies. 

Upstream source control measures may prove to be a more cost-effective approach to reducing PFAS 

than the PFAS management alternatives evaluated in this study.  

The results of this study suggest that the 20-year cost to retrofit existing WRRFs larger than 0.05 MGD 

(typical for a town of about 500 people) to remove and destroy PFAS from WRRF effluent and biosolids 

across Minnesota is on the order of at least $14 billion for the PFAS listed in Table 2-1. Cost estimates for 

implementation at all plants larger than 0.05 MGD in Minnesota are summarized in Table 11-2. These cost 

estimates are order-of-magnitude estimates based on the estimated number and size of facilities in the 

state, using the treatment targets selected by MPCA and design bases defined in this Report. These costs 

will vary depending on the actual facilities implementing treatment.  

The estimates for municipal WRRF biosolids given in Table 11-2 do not include the cost to upgrade the 

largest WRRF in Minnesota to pyrolysis/gasification with thermal oxidation. To date, there is no 

application of pyrolysis/gasification systems for biosolids at the scale of Minnesota’s largest WRRF and no 

cost information available to estimate the 20-year cost for such a system. The largest facility might need 

to install multiple units on-site. The size and number of units could be determined as 

pyrolysis/gasification systems develop and scale up.     

An exact count of mixed MSW landfills and SSOM compost facilities in Minnesota is difficult to develop 

due to mixed wastes accepted at many facilities. However, using an estimate of 24 mixed MSW landfills 

and nine SSOM compost facilities results in estimated 20-year costs of between $77M–$160M and $28M–

$60M, respectively.  
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Table 11-2 Estimated 20-year costs for PFAS removal from targeted waste streams in 

Minnesota, in million USD[1] 

Municipal WRRF facility size[3] 0.1 MGD 1 MGD 10 MGD 
300 

MGD 
Total for MN 

Approximate # of facilities in Minnesota 100 155 27 1 283 

Municipal WRRF effluent capital costs 
$500 - 

$1,100 

$3,500 - 

$7,400 

$2,300 - 

$4,900 

$1,300 - 

$2,800 

$7,500 - 

$16,000 

Municipal WRRF effluent annual O&M costs $29 - $60 $150 - $330 
$120 - 

$260 

$110 - 

$230 
$410 - $870 

Total 20-year costs, municipal WRRF effluent[2] 
$800 - 

$1,700 

$5,100 - 

$11,000 

$3,600 - 

$7,600 

$2,400 - 

$5,200 

$12,000 - 

$25,000 

Municipal WRRF biosolids production[4] <1 dtpd 1 dtpd 10 dtpd Total for MN 

Approximate # of facilities in Minnesota 1 (regional) 40 10 51 

Municipal WRRF biosolids capital costs $110–$240 $680–$1,500 $630–$1,400 
$1,400–

$3,100 

Municipal WRRF biosolids annual O&M costs $2.5–$5.3 $4.7–$10 $5.5–$12 $13–$27 

Total 20-year costs, municipal WRRF biosolids[2] $140–$300 $730–$1,600 $690–$1,500 
$1,600–

$3,300 

Mixed MSW landfill facility size[5] 1 gpm 10 gpm 100 gpm Total for MN 

Approximate # of facilities in Minnesota 6 15 3 24 

Mixed MSW landfill leachate capital costs $1.0–$3.0 $8.0–$18 $10–$20 $20–$40 

Mixed MSW landfill leachate annual O&M costs $1.3–$2.8 $3.4–$7.2 $0.74–$1.6 $5.4–$12 

Total 20-year costs, mixed MSW landfills[2] $15–$32 $44–$94 $18–$38 $77–$160 

Composting facility size[6] 1 gpm 10 gpm 100 gpm Total for MN 

Approximate # of facilities in Minnesota 4 4 1 9 

Compost contact water capital costs $0.84–$1.8 $2.2–$4.8 $3.4–$7.2 $6.4–$14 

Compost contact water annual O&M costs $0.78–$1.7 $0.81–$1.7 $0.42–$0.90 $2.0–$4.3 

Total 20-year costs, composting facilities[2] $9.1–$20 $11–$23 $7.8–$17 $28–$60 

MGD = million gallons per day, dtpd = dry tons per day, and gpm = gallons per minute 

[1] This statewide evaluation carries additional uncertainty related to approximations made for facility sizing, number of facilities, 

and degree of pretreatment needed. Costs are rounded to two significant figures. Costs are based on design basis 

concentrations selected to be typical of those reported in WRRF effluent (Helmer, Reeves, and Cassidy 2022; Coggan et al. 

2019; Thompson et al. 2022), biosolids (Venkatesan and Halden 2013; Helmer, Reeves, and Cassidy 2022), landfill leachate 

(Lang et al. 2017), and compost contact water (Wood Environment & Infrastructure Solutions Inc. 2019). 

[2] Twenty-year costs reflect present value calculations using an interest rate of 7%. 

[3] WRRF upgrade costs for effluent treatment are for PFAS separation and destruction using GAC adsorption with high-

temperature incineration of media at flow rates below 1.1 MGD and GAC reactivation at higher flow rates. These include 

approximate costs for tertiary treatment retrofits (at WRRFs) or pretreatment processes (at mixed MSW landfill leachate and 

composting sites) likely needed at most facilities to provide the water quality required for GAC or RO feed. This analysis 

excludes WRRFs below 0.05 MGD. 

[4]  WRRF upgrade costs are for PFAS destruction in biosolids using pyrolysis or gasification with thermal oxidation of produced 

gasses. Costs include centrifuge dewatering to provide 25% solids material for process feed for each facility. These assume 

that WRRFs treating more than 0.1 MGD but producing less than 1 dtpd biosolids would ship to one regional, 50-dtpd 

pyrolysis facility. The costs shown here do not include transporting biosolids to that facility. These costs also do not include a 

pyrolysis/gasification facility with thermal oxidation for Minnesota’s largest WRRF because costs for a facility of this size are 

not available. 

[5]  Operating landfill facilities in Minnesota and their size and leachate reported for Minnesota landfills accepting primarily MSW, 

assuming equalization is present to limit peak leachate flows to twice the annual average leachate flow.  

[6]  Operating compost facilities in Minnesota and their size were estimated based on publicly available data.  
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Costs developed here are meant to reflect order-of-magnitude costs based on facilities in Minnesota 

using GAC for liquid streams and pyrolysis for biosolids. The 300 MGD WRRF facility PFAS treatment costs 
were developed as a separate cost estimate using available equipment. For a GAC facility of this size, there 
are many design, operation, and maintenance uncertainties that were not explicitly considered in this 

conceptual cost.  

In addition to the costs of building and operating a PFAS removal system, operator training and 

infrastructure would need to be enhanced to properly operate these systems, which have not been 

implemented for wastewater treatment in Minnesota. For context, wastewater operators have spent 

decades developing, refining, and passing along operational knowledge that allows conventional 

wastewater technologies to operate. A similar multi-year process of operational training and knowledge 

acquisition would take time to develop for PFAS-related technologies to work as designed. 

While PFAS removal and destruction in the waste streams considered in this study may appear infeasible 

because of their estimated high costs, this study only considered technologies currently commercially 

available at the applicable scale. This presents an opportunity to support innovation and creative 

approaches to address PFAS treatment in these waste streams. These opportunities could include funding 

scale-up projects of emerging technologies, funding demonstration studies of emerging technologies for 

real-world waste streams, and funding comprehensive investigations of PFAS mass balances using both 

existing destruction technologies (i.e., high-temperature incinerators) and emerging technologies.  

11.4 Energy Use and Associated Carbon Dioxide Emission 

Equivalents 

While PFAS removal and destruction could be a future priority for waste and wastewater managers, 

sustainability and climate impacts are also increasingly prioritized. Table 11-3 summarizes estimated 

energy usage and CO2 equivalents per mass of target PFAS removed from the liquid waste streams. 

Estimates are shown for the mid-range flows only for each waste stream. These estimates account for the 

following: 

• The electricity and natural gas used specifically by PFAS separation equipment within the WRRF,

landfill, or compost facility

• The electricity and natural gas used at the site or disposal facility (as applicable) to combust the

sorption media concentrate

These estimates focus on energy usage from PFAS separation and destruction technologies. They do not 

account for CO2 emissions associated with the production or transportation of the GAC media or AIX resin, 

mineralization of waste materials being destroyed (e.g., media), or beneficial reuse of treatment 

byproducts (e.g., use of regenerated GAC). The estimates also do not include energy usage associated 

with pretreatment ahead of the PFAS management alternatives. Other studies have evaluated the life cycle 

environmental impacts of PFAS treatment options in more detail (Boyer, Ellis, et al. 2021; G. Li et al. 2022). 



 

 

 

 162  
 

The estimated weight of CO2 equivalents emitted per weight of target PFAS removed ranges from 50 tons 

CO2-eq/lb PFAS removed for foam fractionation of mixed MSW landfill leachate up to 2,200 lb CO2-eq/lb 

PFAS removed for WRRF effluent treated with GAC and AIX resin and offsite high-temperature 

incineration of the sorption media. The CO2 emission rates per pound of PFAS removed are highest for 

alternatives using GAC or a combination of GAC and AIX resin, at an estimated 1,000 and 2,200 ton CO2-

eq/lb PFAS for compost contact water and WRRF effluent, respectively. The exception is mixed MSW 

landfill leachate treated with GAC, where the CO2 emission rate is 250 lb CO2-eq/lb PFAS. The CO2 

emission rates per pound of PFAS removed are relatively low for mixed MSW landfill leachate due to the 

relatively high PFAS content of these waste streams. Foam fractionation with high-temperature 

incineration of the foamate for mixed MSW landfill leachate and compost contact water treatment both 

have lower estimated CO2 emissions per pound of PFAS removed relative to GAC adsorption with high-

temperature incineration of the media.  
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Table 11-3 Estimated energy use and CO2 equivalents for PFAS management alternatives 

Waste 

Stream 

Facility 

Size 

Highest Ranking 

Alternatives 

Estimated 

Electricity 

Use 

(MWh/y) 
[1,2,3] 

Estimated 

Natural 

Gas Use 

(kSCF/y) 
[1,2,3] 

Estimated 

CO2 

Equivalent 

Emissions 

from Energy 

Use (ton/y)[4] 

Estimated CO2 

Equivalents 

per Mass 

PFAS (ton 

CO2/lb 

PFAS)[4,5] 

Municipal 

WRRF effluent 

1 MGD (700 

gpm) 

GAC with high-

temperature incineration 

(Alt 1a) 

210 10,000 720 2,100 

GAC and AIX with GAC 

and AIX high-

temperature incineration 

(Alt 6a) 

220 11,000 770 2,200 

Mixed MSW 

landfill 

leachate 

0.014 MGD 

(10 gpm) 

GAC with high-

temperature incineration 

(Alt 1a) 

70 250 50 250 

Foam fractionation with 

high-temperature 

incineration of foamate 

(Alt 8a)  

20 40 10 50 

Compost 

contact water 

0.014 MGD 

(10 gpm) 

GAC with high-

temperature incineration 

(Alt 1a) 

70 210 40 1,000 

Foam fractionation with 

high-temperature 

incineration of foamate 

(Alt 8a) 

20 40 10 230 

[1] Electricity and natural gas use reflect estimates based on preliminary sizing and operational needs developed for this study 

and are subject to the +50%/-30% uncertainty range used throughout for operational costs. 

[2] Estimates include the electricity and natural gas used specifically by the PFAS management systems within the WRRF, landfill, 

or compost facility, as well as the electricity and natural gas used at the disposal facility (as applicable) to combust the 

sorption media or concentrate. These estimates do not account for CO2 emissions associated with media production, 

transportation, destruction of the media or biosolids materials, or potential emissions associated with the beneficial reuse of 

treatment byproducts (e.g., use of biochar from pyrolysis). The estimates also do not include energy usage associated with 

pretreatment ahead of the PFAS management alternatives. 

[3] The amount of natural gas and electricity used by a high-temperature incinerator was estimated, assuming 46 MMBTU/ton of 

waste and 209 kWh/ton of waste, respectively, based on similar project experience.  

[4]  CO2 emissions were estimated based on U.S. EPA guidance values of 953.7 lbs CO2 per MWh and 55.1 kg CO2 per 1,000 cubic 

feet of natural gas (U.S. EPA 2022a). 

[5]  Mass PFAS removed reflects the sum of assumed concentrations of PFAS targeted in this study (PFOA, PFOS, PFHxA, PFHxS, 

PFBA, PFBS, 6:2 FTS, and N-EtFOSAA) as previously documented in Sections 2.3, 6.1.2, 7.1.2, 8.1.2, 9.1.2 multiplied by the flow 

rate shown. 

[6] Estimated energy use and CO2 equivalents for WRRF biosolids treatment alternatives were excluded from this analysis. The 

energy consumption/production and CO2 equivalents are unique to each biosolids installation and not suitable for this 

analysis.   
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11.5 Limitations on Use of Cost Estimates 

Preliminary designs and costs were developed for a range of facility sizes to address design basis influent 

water and biosolids quality established for this study. Equipment sizing, media changeout frequency, and 

other factors are expected to vary across facilities depending on site-specific conditions and actual design 

bases, potentially pushing capital and O&M costs outside the range estimated for a specific design basis 

in this study. The costs presented here are intended to be useful for high-level, regional, and economic 

comparisons and are not appropriate for site-specific facility planning. Site-specific factors expected to 

influence actual technology selection, design, and costs include the following: 

• Existing site infrastructure and treatment processes 

• Space constraints and availability at the site  

• Continuous versus intermittent nature of flows  

• Water quality compared to design basis assumed  

• Water quality variation  

• PFAS concentrations and speciation  

• Treatment goals for PFAS (concentrations, specific compounds, and reliability targets)  

• Treatment goals for other parameters requiring removal  

• Preferred site trade-offs for capital cost versus the level of operational complexity  

11.6 Costs to Manage Short-Chain versus Long-Chain PFAS  

Changing PFAS treatment targets and regulations complicate the estimation of treatment costs, especially 

O&M costs associated with sorption media changeout. While PFOA and PFOS have received the most 

regulatory attention, they are also two of the easier PFAS to remove from water because they are 

relatively hydrophobic. In contrast, short-chain PFAS, such as PFBA, PFHxA, and PFBS, prefer to stay in the 

water phase and are harder to remove through media sorption, AIX, and foam fractionation. 

While 28 states have water phase guidelines (including drinking water, groundwater, surface water, and 

wastewater) for PFOA or PFOS, as of January 2023, only 14 states currently have water phase guidelines 

for PFBA or PFBS (ITRC 2023). The U.S. EPA’s recently proposed National Primary Drinking Water 

Regulation for PFAS includes PFOA, PFOS, PFNA, PFHxS, PFBS, and HFPO-DA (U.S. EPA 2023). This list also 

favors long-chain compounds over short-chain compounds and more sorbable sulfonates over alkyl acids. 

The availability of appropriate water treatment and environmental remediation technologies should be 

considered as the types of PFAS in use evolve, and regulations around use and environmental discharge 

are updated.  

Alternatives relying on GAC sorption or AIX media to separate PFAS from the water phase will require 

much more frequent sorption media changeout to remove short-chain compounds consistently. This 
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results in higher O&M costs for facilities using GAC or AIX media to remove short-chain PFAS, especially 

at higher flow rates. Figure 11-1 illustrates the estimated O&M cost multiplier for targeting short-chain 

PFAS (PFBA or PFBS) versus targeting long-chain PFAS (PFOA). This multiplier varies between a factor of 

1.1 and 1.7 and increases with increasing flow. Both indicate that media changeout increasingly affects 

O&M costs at relatively high flows, high influent PFAS concentrations, and a high ratio of short-chain to 

long-chain PFAS concentrations.   

 

Figure 11-1 Estimated O&M cost multiplier for GAC treatment targeting short-chain (PFBA or 

PFBS) removal versus long-chain (PFOA) removal for municipal WRRF effluent, 

mixed MSW landfill leachate, and compost contact water 

11.7 Technology Readiness 

Except for foam fractionation, liquid treatment technologies currently available at commercial scales (i.e., 

GAC, AIX, modified clay, and RO) are considered general water treatment options; they remove many 

parameters and are not specifically designed for PFAS removal. More targeted technologies to further 

concentrate and destroy PFAS are being developed and have been demonstrated at bench and pilot 

scales. These technologies (including electrochemical oxidation, electrochemical or UV-assisted reduction, 

HALT, and SCWO) could potentially provide lower-cost and better implementable treatment at individual 

facilities, perhaps reducing or eliminating the need for regional or out-of-state high-temperature 

incineration facilities. However, due to investment and staffing challenges, the capacity of these 

technology vendors to scale-up equipment production is limited. Other challenges related to the 

evaluation of emerging PFAS destruction technologies include the following: 

• Limited data on PFAS destruction efficacy at real sites with a full fluorine mass balance  

• Potential for PFAS to escape with the gas phase  

• Potential to produce alternate PFAS or other byproducts  
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• Ability to remove short-chain compounds  

• Potential for scaling at high temperatures with salty feed streams  

• High energy costs of some technologies, especially thermal technologies 

• Regulatory uncertainty related to permitting installations and their emissions and discharges 

• Ability to scale-up unit production, depending on future demand 

Optimizing general destruction technologies for PFAS destruction continues to progress and needs 

additional scale-up opportunities to vet and optimize performance across a range of water quality and 

waste streams.  

11.8 Future Research Needs 

For PFAS management in the waste streams presented in this study to keep up with evolving regulations 

and public perception, the following research and development topics could be considered: 

• Develop and apply regulatory pathways to permit facilities specifically for PFAS destruction  

• Increase public and private investment in next-generation, lower-cost technologies to accelerate 

scale-up and implementation timelines 

• Study full fluorine balance for next-generation PFAS separation and destruction technologies to 

understand destruction pathways and potential byproducts 

• Conduct further research and support the development of low-temperature PFAS destruction 

options, with a specific focus on reducing full-scale treatment costs 

• Consider safety concerns associated with PFAS aerosolization in existing and future processes 
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Appendix A     PFAS Chemical Characteristics and Most Similar “Target PFAS” Used in this Study

PFMPA Perfluoro-3-methoxypropanoic acid 377-73-1 4 3 230 COOH PFBA
PFBA Perfluorobutanoic acid 375-22-4 4 3 214 COOH
PFMBA Perfluoro-4-methoxybutanoic acid 151772-58-6 5 4 280 COOH PFBA
PFPeA Perfluoropentanoic acid 2706-90-3 5 4 264 COOH PFHxA
NFDHA Perfluoro-3,6-dioxaheptanoic acid 151772-58-6 5 4 296 COOH PFHxA
PFHxA Perfluorohexanoic acid 307-24-4 6 5 314 COOH
PFHpA Perfluoroheptanoic acid 375-85-9 7 6 364 COOH PFOA
PFOA Perfluorooctanoic acid 335-67-1 8 7 414 COOH
PFNA Perfluorononanoic acid 375-95-1 9 8 464 COOH PFOA
PFDA Perfluorodecanoic acid 335-76-2 10 9 514 COOH PFOA
PFUnA Perfluoroundecanoic acid 2058-94-8 11 10 564 COOH PFOA
PFDoA Perfluorododecanoic acid 307-55-1 12 11 614 COOH PFOA
PFTrDA Perfluorotridecanonic acid 72629-94-8 13 12 664 COOH PFOA
PFTDA or PFTA or PFTeDA Perfluorotetradecanoic acid 376-06-7 14 13 714 COOH PFOA
PFBS Perfluorobutane sulfonate 375-73-5 4 4 300 SO3H
PFEESA Perfluoro(2-ethoxyethane)sulfonic acid 113507-82-7 4 4 316 SO3H PFBS
PFPeS Perfluoropentanesulfonic acid 2706-91-4 5 5 350 SO3H PFHxS
PFHxS Perfluorohexane sulfonate 355-46-4 6 6 400 SO3H
PFHpS Perfluoroheptanesulfonic acid  375-92-8 7 7 450 SO3H PFOS
PFOS Perfluorooctane sulfonate 1763-23-1 8 8 500 SO3H
9Cl-PF3ONS 9-chlorohexadecafluoro-3-oxanone-1-sulfonic acid 756426-58-1 8 8 533 SO3H 6:2 FTS
PFNS Perfluorononanesulfonic acid 68259-12-1 9 9 550 SO3H PFOS
PFDS Perfluorodecane sulfonic acid  335-77-3 10 10 600 SO3H PFOS
11Cl-PF3OUdS 11-chloroeicosafluoro-3-oxaundecane-1-sulfonic acid 763051-92-9 10 10 633 SO3H 6:2 FTS
PFDoS or PFDoDS Perfluorododecanesulfonic acid 79780-39-5 12 12 700 SO3H PFOS
PFOSA or FOSA Perfluorooctanesulfonamide 754-91-6 8 8 499 SO2NH2 PFOS
ADONA 4,8-dioxa-3H-perfluorononanoic acid 919005-14-4 7 6 378 COOH PFOA
HFPO-DA or GenX Hexafluoropropylene oxide dimer acid 13252-13-6 6 5 330 COOH PFHxA
4:2 FTS 4:2 Fluorotelomer sulfonate (1H,1H, 2H, 2H-Perfluorohexane sulfonic acid) 757124-72-4 6 4 328 CH2CH2SO3- 6:2 FTS
6:2 FTS 6:2 Fluorotelomer sulfonate (1H,1H, 2H, 2H-Perfluorooctane sulfonic acid) 27619-97-2 8 6 428 CH2CH2SO3-
8:2 FTS 8:2 Fluorotelomer sulfonate (1H,1H, 2H, 2H-Perfluorodecane sulfonic acid) 39108-34-4 10 8 528 CH2CH2SO3- 6:2 FTS
3:3 FTCA 3:3 Fluorotelomer carboxylic acid (2H,2H,3H,3H-Perfluorohexanoic acid) 356-02-5 6 3 242 CH2COOH PFBA
5:3 FTCA 5:3 Fluorotelomer carboxylic acid (2H,2H,3H,3H-Perfluorooctanoic acid) 914637-49-3 8 5 342 CH2COOH 6:2 FTS
7:3 FTCA 7:3 Fluorotelomer carboxylic acid (2H,2H,3H,3H-Perfluorodecanoic acid) 812-70-4 10 7 442 CH2COOH 6:2 FTS
MeFOSAA or NMeFOSAA 2-(N-Methylperfluorooctanesulfonamido)acetic acid 2355-31-9 11 8 571 SO2NCCOOH EtFOSAA
EtFOSAA or NEtFOSAA N-ethyl perfluorooctanesulfonamidoacetic acid 2991-50-6 12 8 585 SO2NCCOOH EtFOSAA
MeFOSE or NMeFOSE N-Methyl perfluorooctane sulfonamidoethanol  24448-09-7 11 8 557 SO2NCH2CH2OH MeFOSAA
EtFOSE or NEtFOSE N-Ethyl perfluorooctane sulfonamidoethanol  1691-99-2 12 8 571 SO2NCH2CH3 MeFOSAA
MeFOSA or NMeFOSA N-Methyl perfluorooctane sulfonamide  31506-32-8 9 8 513 SO2NHCH3 MeFOSAA
EtFOSA  or NEtFOSA N-Ethyl perfluorooctane sulfonamide  4151-50-2 10 8 527 SO2NHCH3 MeFOSAA
Target PFAS highlighted in gray.

Most Similar 
Target PFAS

Abbreviation Name CAS Number
Total 
No. 

C atoms

Number of 
fluorinated 

C atoms
MW Fuctional group
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Nanofiltration 
(NF)/Reverse 
Osmosis (RO) 

Membrane 
Separation 

PFAS separated into a concentrate stream by physical separation via high-pressure 
membranes. NF membranes typically have higher water recovery than RO due to larger 
membrane pore sizes. 

Full-scale. Example vendors: Veolia, 
Evoqua, ROChem. 

PFOS separation (membrane rejection) >99% for RO, and 90-99% for 
NF.1   9 X X X     Yes Yes 

Ultrafiltration 
(UF) 

PFAS separated into a concentrate stream by physical separation via low-pressure 
membranes. 

Developing with regard to PFAS 
separation, though full-scale for other 
applications.2  

30-43% PFOS removal, 47-98% PFOA removal. However, UF is not 
considered effective at removing PFAS because the pore size is larger 
than most PFAS.2 

9 X X X     Yes No 

Ph
as

e 
Se

pa
ra

tio
n 

Foam 
Fractionation 

PFAS stripped from liquid phase as foam using fine air bubbles. This technology takes 
advantage of the surfactant properties of PFAS at high concentrations. Can use ozone 
gas instead of air to achieve oxidation of some PFAS (largely PFAA precursors). Often 
paired with photodegradation or electrochemical oxidation to degrade separated PFAS. 

Full-scale with 66,000 gpd application in 
Australia.3 
Pilot and bench-scale. Example vendors: 
EPOC Systems (single container units 
can treat between 50,000-160,000 gpd), 
Evocra (with ozone). 

>96% PFOS removal in AFFF application4 and 92% PFAS separation in 
leachate.5 Up to 80% PFAS removal without ozone, up to 95% PFAS 
removal bench-scale when combined with ozone, lower removal for 
short-chain PFAS.6 

8 X X X     Yes Yes 

Th
er

m
al

 S
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ar
at

io
n 

Thermal 
Evaporation/ 

Brine 
Concentration 

Water is evaporated, with most PFAS and other dissolved constituents remaining in a 
brine or slurry requiring management (for example, dewatering and disposal in a landfill 
or via high temperature incineration). Some short-chain PFAS may evaporate with water 
and require downstream treatment. Can be applied with or without vapor condensation 
or re-compression. Could use waste heat if applied in a landfill setting.7 

Widely used in wastewater treatment. 
Example vendor: Veolia. 

Very limited data available on PFAS separation and partitioning. Some 
PFAS, especially smaller molecules, may partition into the air phase and 
subsequently into condensate. 

9 X X X   X Yes No 

Direct-fired 
Desorption 

Desorb PFAS from a solid media at <650°C where heat source in direct contact with the 
material of interest, creating a volatilized PFAS gas stream that requires further 
treatment, typically via thermal oxidation. Commonly applied for soils treatment, 
activated carbon, and other waste materials with higher throughput than indirect-fired 
desorption.  

Limited information on application to 
biosolids, though full-scale for other 
applications. Example vendor: RLC 
Technologies. 

No specific studies found on direct-fired desorption for PFAS in 
biosolids. 2       X   No No 

Indirect-fired 
Desorption 

Desorb PFAS from a solid media at <650°C in kiln where heat source is not directly in 
contact with combusting waste, creating a volatilized PFAS gas stream that requires 
further treatment, typically via thermal oxidation. Commonly applied for soils treatment 
and activated carbon.  

Pilot-scale.15 Can achieve >99.9997% Removal when coupled with thermal 
oxidation.8,9 6       X   No Yes 

https://www.watertechnologies.com/products/spiral-wound-membranes
https://www.evoqua.com/en/evoqua/products--services/filtration-systems/reverse-osmosis-ro-systems/
https://opecsystems.com/enviro/pfas-solutions/
https://evocra.com.au/case-studies/pfas
https://www.veoliawatertech.com/en/expertise/applications/evaporation-crystallization
https://www.rlctechnologies.com/our-technology/direct-fired-thermal-desorption
https://www.rlctechnologies.com/our-technology/direct-fired-thermal-desorption
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Bi
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Phyto-
remediation/ 
Constructed 

Wetlands 

Contaminants are bioaccumulated in plants. PFAS are not appreciably degraded by 
plants, but phytoremediation may concentrate PFAS from contaminated soils if plants 
are removed for disposal/destruction. Flow-through passive treatment using wetland 
sediments and plants to remove and sequester contaminants from the water phase. 

Mature technology at full-scale, limited 
applications for PFAS treatment. 

Limited uptake of PFAS by some plants in the range of 10%, with higher 
update for short-chain PFAS than longer chain PFAS.10 Up to 42% of 
PFPeA recovered in a greenhouse study, the highest recovery of six 
PFAS studied. The lowest recovery observed for PFOS.11,12 A mesocosm 
study of an engineered wetland treatment system for landfill leachate in 
St. Louis County MN demonstrated PFAS update by bulrush, cattails, 
and soil medium.13 

5 X X X   Yes No 

Fl
oc

cu
la

tio
n/

 C
oa

gu
la

tio
n 

Alum PFAS sorbs to or incorporates with particles formed from alum addition and removed 
via settling with other solids.  

Developing with regard to PFAS 
separation, though full-scale for other 
applications.2  

PFOA and PFOS removal ranging from 1-40% has been observed 
depending on coagulant dose.2  7 X X X   No No 

Polyaluminum 
Chlorides 

PFAS sorbs to or incorporates with particles formed from polyaluminum chloride 
addition and removed via settling with other solids.  

Developing with regard to PFAS 
separation, though full-scale for other 
applications.2 

PFOA influent of 50-30,000 µg/L, resulted in 99% removal in one study 
and PFOA/PFOS influent o 1,000 µg/L, resulted in 1-25% removal based 
on coagulant dose in another study.2 

7 X X X   No Yes 

Ferric Salts PFAS sorbs to or incorporates with particles formed from ferric salt addition and 
removed via settling with other solids.  

Developing with regard to PFAS 
separation, though full-scale for other 
applications.2  

PFOA and PFOS removal ranging from 1-50%. Removal improved to 48-
95% when the pH was reduced to 4. Removal is dependent on 
coagulant dose.2  

7 X X X   No Yes 

Covalent Bound 
Hybrid 

Coagulants 

PFAS sorbs to or incorporates with particles formed from addition of covalent-bound 
hybrid coagulants and removed via settling with other solids. Bench-scale tests2 PFOA influent of 100 ug/L, resulted in 99% removal.2  4 X X X   No Yes 

Specialty 
Coagulants 

PFAS sorbs to or incorporates with particles formed from addition of specialty anionic 
coagulants such as PerfluorAd and removed via settling with other solids. 

Developing with regard to PFAS 
separation, though full-scale for other 
applications.2  

PFAS removal ranging from 87-98% on 380-480 ug/L influent. PFOA 
removal of 20% on 8 ug/L influent and PFOS removal of 80% on 236 
ug/L.2  

7 X X X   No Yes 

Electro-
coagulation 

PFAS sorbs to or incorporates with particles generated by anode-cathode reactions of 
metal plates inserted into the water and removed via settling with other solids. The 
coagulant is created in the process instead of added. 

Developing technology.2  PFOA removal of 99% on 1,000-100,000 ug/L influent.2  5 X X X   No Yes 

So
rp

tio
n 

Granular 
Activated 

Carbon (GAC) 
PFAS sorbs to hydrophobic GAC surface in a fixed-bed pressure vessel. Full-scale. Example vendors: Calgon, 

Cabot, Evoqua. 

GAC can remove PFAS to below detection limits until breakthrough 
occurs. Shorter chain PFAS have lower GAC loading capacities and faster 
breakthrough times than longer chain PFAS but can be effectively 
removed with increased change out frequency.1 

9 X X X   Yes Yes 

Reactivated 
GAC 

Similar to virgin GAC, PFAS sorbs to the hydrophobic GAC surface in a fixed-bed 
pressure vessel. Reactivated GAC refers specifically to GAC that has been previously 
used and its sorption capacity has been recovered through thermal reactivation. 
Reactivated GAC can either be source separated (returned to the same site for reuse) or 
general pool reactivated GAC (i.e., multiple unknown sources).  

Full-scale. Example vendors: Calgon, 
Cabot, Evoqua 

PFAS removed via similar processes as virgin GAC. Similar bed volumes 
to breakthrough observed for PFOA and PFOS at two different 
remediation sites with low TOC (2 mg/L).14 General pool GAC showed 
approximately 50% faster breakthrough in comparison to virgin and 
source separated GAC.15 

9 X X X   Yes Yes 

Carbon 
Nanotubes and 

Graphene 

PFAS sorbs to the carbon nanotube (CNT) or graphene surface. Often paired with 
downstream exposure to UV light to photodegrade PFAS. Developing technology.2  CNT and graphene removed PFAS to below detection limits during the 

sorption process.16 4 X X X   No No 

https://www.calgoncarbon.com/activated-carbon/
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Colloidal 
Activated 
Carbon 

PFAS sorbs to colloidal activated carbon particles in aqueous suspension. Colloidal 
activated carbon is primarily injected into groundwater to prevent plume mitigation. 

Full-scale for remediation, but not for 
water treatment. Example vendor: 
Regenesis. 

PFOA was reduced by 99% and PFOS by 98% in a shallow silty-sand 
anaerobic aquifer.17 9 X X X   No Yes 

Ion Exchange 
Resins (Single-

Use Media) 

PFAS attaches to resin via surface charge interactions in a fixed bed pressure vessel. 
Once exhausted, media is removed and disposed. 

Full-scale, example vendors: Calgon, 
Evoqua, ECT2, Purolite, ResinTech. 

IX can remove PFAS to below detection limits until breakthrough occurs. 
Recommended for influent concentrations below 10 µg/L total PFAS. 
Affinity for removal by the resin increases with increasing carbon length 
within each subgroup of PFAS.1 

9 X X X   Yes Yes 

Ion Exchange 
Resins 

(Regenerable 
Media) 

PFAS attaches to resin via surface charge interactions with resin support material in a 
fixed-bed pressure vessel. Once exhausted, media is regenerated onsite using a 
brine/solvent mixture and returned to service. 

Full-scale, example vendor: Purolite, 
ECT2. 

IX can remove PFAS to below detection limits until breakthrough occurs. 
Affinity for removal by the resin increases with increasing carbon length 
within each subgroup of PFAS. Removal capacity is generally less than 
single use resin.1 

9 X X X   Yes Yes 

Biochar 
Similar to GAC, PFAS are removed via sorption to biochar in a fixed pressure vessel. The 
biochar is synthesized by heating biomass. Once exhausted, media is removed and 
disposed. 

Developing technology evaluated at the 
bench and pilot scale.2  

PFAS removal is dependent on the biochar type and if it is biologically 
active or inactive. Inactive biochar can remove 20-60% of short chain 
PFAS (3-6 carbons) and 90-99% of long chain PFAS 18 

6 X X X   No Yes 

Powdered 
Activated 
Carbon 

(PAC)/Alum/ 
Kaolinite) 

Similar to GAC, PFAS are removed via sorption to composite media of PAC, alum, and 
kaolinite. The media is added directly in process or tank (not fixed bed). Spent media is 
wasted and separated by settling or with low-pressure membrane filtration.   

Proven technology in in situ remediation 
applications, no known full-scale water 
treatment applications. Example vendor: 
AquaBlok.19 

99.9-99.99% removal of long and short chain PFAS.20 The media 
immobilizes PFAS and has a higher affinity for short chain PFAS than 
GAC.19 

6 X X X   No  Yes 

Super-Fine PAC 
PFAS sorbs to powdered activated carbon (PAC) that has been ground to a super-fine 
powder and added in the process (e.g., within a tank). Superfine PAC then removed via 
membrane filtration.  

Bench-scale tests.21 
1.5-480 times higher adsorption than GAC, depending on the influent 
PFAS concentration, adsorbent size, pore content, and PFAS chain 
length.21 

4 X X X   No  Yes 

Modified Clay 
PFAS attaches to clay minerals, sometimes modified, via surface charge interactions. 
Media is in a fixed bed pressure vessel. Once exhausted, media is removed and 
disposed. 

Full-scale: matCARE, Pilot study: Cetco 
Fluoro-sorb. 

Can remove PFAS to below detection limits until breakthrough occurs. 
PFOA, PFOS, PFHxS, and PFBS removed to non-detect concentrations, 
with breakthrough of PFBS observed first.22  

8 X X X   Yes Yes 

Modified 
Adsorbents 

PFAS sorbs to modified adsorbent media, which can include modified natural materials: 
polymer-coated sand, modified cyclodextrin, synthesized gel polymeric absorbents, 
metal-organic frameworks, or modified cellulose. 

Developing technology.2 Example 
vendor: Cyclopure 

Similar or slightly higher PFAS removal to GAC for PFOA and PFOS. 
PFAS removal depends on the adsorbent modification.2  5 X X X   No Yes 

D
es

or
pt

io
n 

Ion Exchange 
Resin Solvent 
Regeneration 

A proprietary solvent brine solution removes PFAS from the IX media by targeting 
removal of the ionic head and desorption of the fluorinated carbon tail from the media. 
The brine containing concentrated PFAS is distilled. Residual still bottoms can be 
disposed of directly or adsorbed onto a smaller amount of GAC. 

Full-scale, example vendor: ECT2. Regeneration removes sufficient PFAS to restore resin to virgin quality 
able to handle PFAS loading cycles consistent with virgin resin.23 8 X X X   Yes Yes 

GAC Solvent 
Regeneration 

A solvent solution is used to separate PFAS from the GAC media. The brine containing 
concentrated PFAS is distilled and recycled for future regenerations.  

Pilot-scale, ready for commercialization. 
Example vendor: Battelle.24 

Resin regeneration can achieve PFAS mass balance recovery of 97%-
132%.24 6     X No  Yes 

https://regenesis.com/en/remediation-products/plumestop-liquid-activated-carbon/
https://www.calgoncarbon.com/ion-exchange/
https://www.evoqua.com/en/evoqua/products--services/carbon--resin/ion-exchange-resin/?variationCode=Ion-Exchange-Resin_1
https://www.ect2.com/solutions-pfas/
https://www.purolite.com/index
https://resintech.com/
https://www.purolite.com/product/a520e
https://www.ect2.com/solutions-pfas/
https://www.aquablok.com/remediation/products/aquablok
https://www.crccare.com/products-and-services/technologies/matcare/matcare-for-wastewater/matcare-for-wastewater
https://www.mineralstech.com/business-segments/performance-materials/cetco/environmental-products/products/fluoro-sorb
https://www.mineralstech.com/business-segments/performance-materials/cetco/environmental-products/products/fluoro-sorb
https://cyclopure.com/
https://www.ect2.com/solutions-pfas/
https://www.battelle.org/markets/environment/investigation-remediation/pfas-assessment-mitigation/granular-activated-carbon-regeneration-technology
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Solvated 
Electrons and 

Advanced 
Reduction 
Processes 

Solvated electrons are generated in advanced reduction processes (ARP) by combining 
chemical reductants (e.g., Fe(II), sulfide, sulfite, iodide, or dithionite) with activating 
energy (e.g., ultrasound, UV, microwaves, or electron beams) to reductively cleave the 
C-F bonds of PFAS.  

Active area of research and 
development at bench-scale.1 Example 
start-up: Enspired Solutions (photo-
reductive defluorination).  

>90% degradation of PFOA and PFOS has been observed.25,26 
Destruction possible for longer-chain PFAS, but less efficient for short-
chain PFAS. Degree of defluorination and reaction rates are dependent 
on chain length and head group. ARPs can be inhibited by presence of 
oxidants (e.g., oxygen).25 

5 X X X      No Yes 

Catalyzed 
Hydrogen 

Peroxide (CHP) 

Hydrogen peroxide combined with a catalyst such as iron (i.e., for Fenton’s reagent) or 
chelated manganese generate hydroxyl radicals. Certain processes can produce 
reductants such as superoxide which can mineralize PFAS and convert precursors to 
terminal PFAS.  

Developing with regard to PFAS 
destruction, though full-scale for other 
applications. 

Hydroxyl radicals attack head group, not fluorinated tail, so limited 
defluorination occurs. Limited degradation of PFCA and PFSA are 
observed, with PFAS precursors transformed to terminal PFCAs 1,27. 68-
89% PFOA with CHP with superoxide and hydroperoxide 28 Limited data 
for PFAS other than PFOA. 

4 X X X      No  No  

Ozone Ozone used as an oxidant to degrade contaminants, typically paired with UV light, 
hydrogen peroxide, or persulfate to generate hydroxyl radicals. 

Developing with regard to PFAS 
destruction, though full-scale for other 
applications.1 

Can transform PFAS precursors, but full defluorination unlikely with 
ozone alone. <25% degradation observed for PFBA, PFPeA, PFOA, PFBS, 
PFHxS, and PFOS in a bench-scale reactor 29. Ozone can paired with 
foam fractionation and/or with UV for improved removal efficiency.6  

7 X X X      No   No 

Activated 
Persulfate 

Persulfate is chemically activated with heat or UV light to form sulfate radicals. Metallic 
catalyst activation and high pH/alkaline activation (commonly used in remediation 
applications of activated persulfate) appear to be less effective for PFAS degradation 
application.27 

Developing with regard to PFAS 
destruction, though full-scale for other 
applications.1 

Can mineralize PFCAs, but do not readily transform PFSAs.1 Up to 90% 
removal of PFOA at bench-scale at 50 deg. C and a long-reaction time, 
but only 24% defluorination.30 

7 X X X     No Yes 

Photolysis 

Photolysis includes several processes that transform or degrade contaminants using 
light: 
• Direct photolysis degrades contaminants that directly absorb light (typically UV light). 
• UV advanced oxidation processes combine UV light and a chemical oxidant to 

generate reactive species. 
• Photocatalysis combines UV light and a solid catalyst (Fe(III) or TiO2) to form reactive 

species.   

Developing with regard to PFAS 
destruction, though full-scale for other 
applications.1 

Limited removal for short-chain PFAS like PFBA and PFBS. 50-90% 
removal of long-chain with inclusion of a catalyst. Precursors like 6:2 FTS 
also removed.31,32 90% PFAS degradation with carbon nano-tube 
photocatalysts, with 62% of PFOA and 46% of PFOS completely 
defluorinated.16 

7 X X X     No  Yes  

Electro-
chemical 
Oxidation 

(Electrolysis) 

Electrical currents passed through water degrade PFAS, either directly on the anode or 
indirectly in bulk water. May be paired with electrochemical reduction. 

Active area of research and 
development at bench-scale and pilot 
scale.1 Example vendor: AECOM De-
Fluoro.  

15% (PFBA)-97% (PFOA) removal. Preferential removal of PFOA over 
PFOS because PFOA preferentially adsorbs to anode surface.33,34  

7 X X X   X   No Yes 

Sonochemical 
Oxidation 

Uses acoustic ultrasound waves (typically 100-1000 kHz) in water to cause cavitation 
and radical generation. Mechanisms of PFAS degradation are not well-defined in the 
literature. Additives (e.g., persulfate) or UV light can enhance degradation. 

Active area of research and 
development at bench and pilot scales.35  

>90% degradation of PFOS has been observed at high frequencies, 36 
and can be enhanced with additives or UV light.37 Some short-chains 
not fully degraded.38 

6 X X X      No  Yes 

Plasma 
Technology 

A strong electric field is applied to a gas (such as argon), generates ionized gas and 
electrons, forming strong oxidizing and reducing species that can degrade PFAS, with or 
without a catalyst. 

Active area of research and 
development at bench and pilot scales. 
Several SERDP examples.39  

>90% remove of long-chain PFAAs, 0-95% removal of short-chain 
PFAS.40,41  

6 X X X      No Yes 

https://www.enspiredsolutions.com/
https://publications.aecom.com/pfas/de-fluoro-pfas-destruction-technology
https://publications.aecom.com/pfas/de-fluoro-pfas-destruction-technology
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Zero Valent 
Iron (ZVI) 

Fine-grained metallic iron filings sorb and can reductively degrade contaminants. Mixed 
with inert sand or gravel in permeable reactive barriers (PRB) for groundwater or surface 
water treatment.   

Developing with regard to PFAS 
removal/destruction, though full-scale 
for other applications.1 

17-95% removal with ZVI for PFOA, PFHpA, PFOS, PFHpS, PFHxS, and 
PFBS, with 5-10% defluorination of PFOA and PFOS.42 7 X X X     Yes  No 

Alkaline Metal 
Reduction 

Metallic reductants (e.g., Ti-citrate, nZn0, nNiFe0) reductively defluorinate PFAS, with 
higher rates under high pH/alkaline conditions.  

Not commercially applied. Bench-scale 
studies have focused on PFOS and 
isomers.1 

>95% transformation of PFOS, but intermediates identified; variability in 
efficiency depending on isomer.43,44 4 X X X      No Yes 

Super Critical 
Water 

Oxidation 
(SCWO) 

Wastewater, biosolids, or any organic waste (e.g., aqueous film-forming foam, AFFF) 
subjected to high temperature and pressure (374°C and pressure of 250 bar) to reach 
supercritical state for water where all organic material dissolve and can be oxidized. To 
be self-sustaining, waste streams require at least 2-3 MJ/kg or chemical oxygen demand 
>100 g/L, thus SCWO is applicable for destruction of biosolids and potentially for spent 
sorption media, but liquid waste streams would likely need a co-fuel. 

Developing with regard to PFAS 
removal/destruction, though full-scale 
for other applications.1 Demonstration 
studies online for biosolids. Example 
vendors: Battelle PFAS Annihilator, 
Aquarden Technologies, 374Water. 

70% destruction for PFOS.45 Other studies showed a greater than 99% 
reduction of the total PFAS identified in a targeted compound analysis, 
including PFOS and PFOA, with removal efficacy dependent on process 
design, residence time, and operating parameters.46,47 

8    X  X Yes  Yes 

Advanced 
Oxidation 
Processes 

(AOP) 

Oxidants such as ozone, peroxide, persulfate, or UV light, produce reactive oxidant 
radicals to degrade contaminants. Includes previously listed technologies such as 
photolysis, ozone, and catalyzed hydrogen peroxide. 

Multiple AOP are used in full-scale 
treatment, see specified technologies 
above for more detail. 

See above for specified technologies. Hydroxl radicals attack head 
group, not fluorinated tail, so limited defluorination occurs. Achieving 
defluorination typically requires a reduction process as well, so 90% 
degradation unlikely with just AOP. 75% removal using UV/ozone, but 
not all defluorinated.6 

9 X X X     Yes   No 

High-Energy 
Electron Beam 

(eBeam) 

Electricity used to generate electrons, which form solvated electrons and oxidant 
radicals that facilitate advanced reduction and oxidation without chemical addition.1 

Commercialized in chemical and food 
production applications, limited to 
bench scale for PFAS removal from 
water or biosolids.1  

35%-96% defluorination of PFOA, with varying efficiencies based on pH, 
water chemistry, and oxidant addition,48,49 4 X X X X  No Yes 

Mechano-
chemical 

degradation 
(MCD) 

Solid media treated in high energy ball mills with reactants that produce oxidative 
radicals and plasma from impact of milling balls.  These radicals and plasma react with 
fluorine to destroy PFAS. 

Not developed at commercial scale, but 
piloted for treatment of contaminated 
soils.50 

>99% destruction of PFAS from contaminated soils on lab scale, with 
limited PFAS byproducts.50,51  5    X X No Yes 

Bi
od

eg
ra

da
tio

n 

Mycorem-
ediation/ 
Fungal 

Enzymes 

Using fungi to degrade PFAS. Limited studies to-date. Some studies using lignolytic 
fungi (wood-rotting fungus). 

Active area of research and 
development at bench scale.12,52 

Limited data available. 20% degradation of PFOA and PFOS observed.53 
Up to 80% transformation of the precursor 6:2 FTOH degrading to other 
PFAS.12,54,55 

3 X X X X    No No  

Bacterial 
Enzymes 

Enzymes extracted from bacteria used to degrade contaminants. Could include 
monooxygenases and reductase enzymes used commercially in other applications.  

Active area of research and 
development at bench scale.56 

Bacterial enzymes that are known to definitively degrade/defluorinate 
are not well described in the literature.12 3 X X X  X   No No 

Biotrans-
formation/ 

defluorination 

PFAS are (partially) degraded via microbial degradation under aerobic or anaerobic 
conditions. PFAS precursors that include non-fluorinated alkyl carbons can be readily 
transformed into short-chain terminal PFCAs.  

Active area of research and 
development at bench scale.1,12,56 

Rates of biodegradation are slow. Up to 60% removal of PFOA/PFOS via 
anaerobic defluorination over 60-day incubation.57 4 X X X X    No  No 

https://www.battelle.org/markets/environment/investigation-remediation/pfas-assessment-mitigation/pfas-annihilator-destruction-technology
https://aquarden.com/applications/pfas-pfos-pfoa/)
https://374water.com/supercritical-water-oxidation-scwo/
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GAC Thermal 
Reactivation 

Thermal reactivation occurs in a multiple hearth or rotary kiln furnaces typically 
operated at approximately 980°C under low oxygen and introduction of steam. PFAS 
are desorbed and decomposed in the furnace and destroyed via thermal oxidation in an 
after burner (operated at a higher temperature than the furnace). The process restores 
most of the sorptive capacity of the media. 

Full-scale. Example vendors:  Calgon, 
Evoqua. 

PFAS separation during reactivation is PFAS and temperature specific. 
Defluorination of 80-100% of both PFCAs and PFSAs occur at 1000°C. 
Decomposition of 80-100% of PFCAs and PFSAs occur at 500°C.58 

9         x Yes Yes 

Hydrothermal 
Alkaline 

Treatment 
(HALT) 

Heat and pressure are applied to a reactor at near-supercritical conditions (e.g., 350°C 
and 165 bar) and alkaline pH (using sodium hydroxide). Under these conditions, water 
behaves like a nonpolar solvent and shows catalytic degradation of organics. This is a 
similar process as Hydrothermal Liquefaction for biosolids. 

Active area of research and 
development with prototypes available. 
Example startup: Aquagga 

All 19 targeted PFAS in diluted AFFF samples were degraded in 
laboratory-scale batch reactor experiments to non-detectable 
concentrations (which were 100-500 ng/L) within 30 min.59 PFSAs were 
more recalcitrant than PFCAs. This study also demonstrated nearly 100% 
defluorination efficiency.  

7 X X X   No Yes 

Low 
Temperature 

Mineralization 
in DMSO 

Heat (20-120°C), sodium hydroxide, and the solvent dimethyl sulfoxide (DMSO) in water 
are used to mineralize PFCAs. DMSO promotes a low energy barrier to decarboxylation 
(removal of the PFCA head group) and sodium hydroxide promotes degradation to 
fluoride, small carbon-containing ions (formate, carbonate, oxalate, and glycolate), and 
trifluoroacetate. 

Active area of research at bench scale.60 

The study by Trang et al. (2022) demonstrated that most PFOA was 
degraded by over 90% after 24 hours of reaction at 120°C. Starting 
concentrations were relatively high, at approximately 90 mmol/L (or 37 
g/L). Approximately 90% of the fluorine from PFOA was recovered as 
fluoride, with most of the remainder associated with trifluoroacetic acid. 
Similar degradation and recoveries were observed for other PFCAs and 
HFPO-DA. The proposed mechanism is not compatible with PFSAs. 

3 X X X   No Yes 

Pyrolysis with 
Thermal 

Oxidation 
(biosolids) 

Thermochemical process where pre-dried (>75% total solids) biosolids are heated in a 
reactor typically from 200-590°C under a starved to no oxygen condition, producing 
PFAS-laden pyrogas, tars, oils and depending on the operating temperature, either inert 
material or biochar. Pyrogas routed to thermal oxidation at over 1000°C under excess 
air/oxygen to destroy PFAS. 

Full-scale demonstration projects in 
place. Example vendors: Anaergia, 
Bioforcetech, Biowaste. 

Complete removal from biochar. Additional studies required for air, 
water (from air treatment), however with a thermal oxidation PFAS 
destruction anticipated per below.61 Temperature greater than 1,100°C 
for defluorination of PFAS in solids, but flue gas may contain some 
PFAS. Thermal oxidizer destroys PFAS at an efficiency greater than 
99.99%.8,62 

8       X   Yes Yes 

Gasification 
with Thermal 

Oxidation 
(biosolids) 

Thermochemical process where pre-dried (>75% TS) biosolids are heated in a reactor 
typically from 590-980°C with limited oxygen (~30% of required O2 for complete 
oxidation), producing PFAS-laden syngas and biochar. Syngas routed to thermal 
oxidation at over 1000°C under excess air/oxygen to destroy PFAS. 

Full-scale demonstration projects in 
place. Example vendors: Aries, 
Ecoremedy. 

Limited removal on gasification alone, but 99.5% total PFAS removal 
between feed and char when coupled with thermal oxidation.63 
Confidential results of full-scale system showed removal from media 
and air phases. Temperature greater than 1,100°C for defluorination of 
PFAS in solids, but flue gas may contain some PFAS. Thermal Oxidizer 
destroys PFAS at an efficiency greater than 99.99%.8,62 

8       X   Yes Yes 

Biosolids 
Incineration 

Sewage sludge incinerators (SSIs) operate at 700-1,000°C to further reduce the volume 
of biosolid residue requiring final disposal. Byproducts are flue gas and ash. There are 
two types of incineration: multiple hearth furnace and fluidized bed.   
 

Mature technology, full scale. 

Limited information, with research ongoing. Some PFAS destruction 
may occur through an SSI with additional removal through the air 
pollution control systems. Complete destruction of PFAS (to CO2, H2O, 
HF, or SO2) requires temperatures over 1,000°C.64,65   

9    X X Yes  No 

Thermal Drying 

Thermal dryers use direct or indirect heat to evaporate water from biosolids to reduce 
the volume of material. Biosolids particles are heated to less than 650°C within the 
dryer. Steam, particles, and air pollutants from drying process are treated prior to 
release to the atmosphere. 

Mature technology, full scale. 
Thermal drying is shown to impact some PFAS precursors, leading to an 
increase in concentration PFCAs and PFHxA. No evidence that thermal 
drying destroys PFAS in biosolids. 66 

9    X X No No 

https://www.calgoncarbon.com/reactivation-services/
https://www.evoqua.com/en/evoqua/products--services/carbon--resin/carbon-media/spent-carbon-reactivation-and-recycling/
https://www.aquagga.com/hydrothermal-pfas-destruction
https://www.anaergia.com/
https://www.bioforcetech.com/pyrolysis.html
https://biopyro.com/
https://ariescleantech.com/wp-content/uploads/2020/11/Addressing-PFAS-with-Aries-Process-Technology-rev.-2-2020.pdf
https://ecoremedyllc.com/
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 High-
Temperature 
Incineration 

Thermochemical process heating to greater than 1000°C under excess air/oxygen. This 
process is commonly used to destroy PFAS present in sorption media following 
adsorptive treatment. 

Full-scale. Example vendors: Veolia, 
Clean Harbors. 

Temperature greater than 1,100°C for defluorination of PFAS in solid 
materials, but flue gas may contain some PFAS. Thermal Oxidizer 
controls PFAS at an efficiency greater than 99.99%.8,62  

9        X Yes Yes  

Cement Kiln 
(biosolids) 

Rotary kiln process where biosolids are used as a fuel source to reduce the amount of 
other fuel (e.g., coal) needed. The biosolids must be dried to >90% to be used in this 
type of application.  

Limited application for PFAS. Should not 
use more than 20% biosolids to coal fuel 
to limit air emission effects.67 

Defluorination over 1,650°C. Thermal degradation currently being 
demonstrated for PFOA and PFOS in cement kilns by the formation of 
CaF2 captured in the cement, using calcium as a catalyst and fluoride as 
a scavenger.68 Cement kilns temperatures (1400°C-2000°C) allows for 
full destruction of PFAS compounds,67 but major uncertainties remain 
around temperature and residence time requirements.                                                                         

3       X X  Yes No 

Hydrothermal 
Liquefaction 

(HTL) 

Uses temperature and pressure to convert wet organic matter, including PFAS-laden 
biosolids, to biocrude oil and methane rich gas at 360 deg. C, and 3000 psi. The process 
captures energy to keep the system running. 

Demonstration studies only. Example 
vendor: Genifuel pilot is expected at 
Metro Vancouver around 2024. 

One study found >99% transformation of fluorinated carboxylic acid 
structures, but lower for sulfonic acid structures.69 Other findings 
indicated that HTL under the studied condition was not able to degrade 
all PFAS existed in sewage sludge.70 

6       x   No No 

[1] Technology readiness level (TRL) assessment based on criteria outlined by the U.S. DOE in 2010, with TRL 9 reflecting the highest level, with commercial installations operated under the full range of expected conditions71.  This study required TRL 8 or 9 to pass initial screening 
[2] Sorption media refers to PFAS separation or destruction from sorption media such as granular activated carbon or ion exchange media. 
[3] The demonstrated at scale criteria requires that liquid treatment technologies have been field implemented and are commercially available and that biosolids treatment technologies have been applied at pilot-scale applications. The different standards are due to biosolids PFAS treatment being less 
developed than liquid-phase PFAS treatment. 
[4] The demonstrated efficacy criteria requires at least 90% PFAS separation or destruction for at least one of the targeted PFAS, which include PFOA, PFOS, PFHxA, PFBA, and PFBS as well as selected other compounds for specific media. 

https://www.veolianorthamerica.com/pfas-management
https://www.cleanharbors.com/services/industrial-field-services/field-services/PFAS-PFOA-PFOS-Remediation
https://www.genifuel.com/process.html
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Technology Reference Study Description PFBA PFBS PFHxA PFHxS PFOA PFOS 6:2 FTSA N-EtFOSAA N-MeFOSAA 

Separation – Membrane Separation  RO/NF: Rejection (%) = (1 – PFASPermeate/PFASFeed)×100% 

RO/NF 

Appleman et al. (2013)  

Study evaluating polyamide membrane NF270 for the treatment of PFAS-spiked water. Three experiments were 
performed: virgin membranes fed with spiked DI water, and spiked artificial groundwater, and fouled membranes fed 
with spiked artificial groundwater. Results presented as range over various pressure and membrane/water 
configurations. Results from Table 2. 

93-95 95-99 95 96-99 95-97 99 -- -- -- 

Appleman et al. (2014) 
Study evaluating 15 full-scale treatment systems for the treatment of PFAS compounds. Source waters for treatment 
systems included 11 surface waters, 6 groundwaters, 1 surface water and groundwater blend, and 2 treated 
wastewaters. Results from Table 2. 

82-95 93-98 97-99 90-96 47-98 96-99 -- 55-58 36-84 

Glover et al. (2018) Full- and pilot-scale potable reuse plants. Average rejection rates are from Table 2. Rejection rates are constrained by 
analytical reporting limits. >79 -- >96 >80 >77 >71 >78 -- -- 

Franke et al. (2019) Pilot-scale NF treatment system in Sweden treating groundwater. Rejection was calculated from Table 2. 98 95.7 95.4 95.6 96.5 95 -- -- -- 

Separation – Phase Separation  Foam Fractionation: Removal Efficiency (%) = (1 – PFASEffluent/PFASInfluent)×100% 

Foam 
Fractionation 

Robey et al. (2020) Bench-scale testing of landfill leachate. Removal estimates from Figures 2 and 3, rounded to the nearest 5%. -5 25 50 95 95 95 70 95 95 

McCleaf et al. (2021) Municipal landfill leachate treated in batch column tests. Removal estimates from Table 3. 38 60 66 97 99 98 90 40 11 

Smith et al. (2022) Pilot-scale treatment of landfill leachate using a continuous system. Removal estimates from Figure SI.2, rounded to 
the nearest 5%. 0 10 25 90 90 95 90 90 90 

Burns et al. (2022) Commercial-scale treatment of landfill leachate from Telge Recycling plant in Sweden. Removal estimates from Tables 
5 and 6. Removal efficiency estimates were constrained by analytical reporting limits. -1.1 15.7 37.3 >98.8 >99.7 >98.7 >97.2 97.3 >64.3 

Separation – Media Sorption   Approximate Bed Volumes to First Detection of Breakthrough 

GAC 

Woodard et al. (2017) Pilot-scale study using Calgon F400 GAC to treat a groundwater matrix with four vessels in series with an overall EBCT 
of 20 minutes. Approximate bed volumes to breakthrough estimated from Exhibits 11-21. ~3,000 ~3,500 ~3,000 ~3,000 ~3,000 ~3,000 ~3,000 -- -- 

Westreich et al. (2018) 

This study using rapid small-scale column tests (RSSCT) to simulate a large-scale, fixed GAC bed. The tests were run 
for ~100,000 bed volumes. The tests were conducted using Calgon F400 and two types of reactivated carbon and 
untreated groundwater spiked with PFAS. Approximate bed volumes to breakthrough shown were estimated from 
Exhibits 4 through 10. 

~10,000 ~65,000–
75,000 

~55,000–
70,000 

~85,000–
100,000 

~75,000–
85,000 

~95,000–
100,000 -- -- -- 

Franke et al. (2019) 
Full-scale nanofiltration membrane pilot plant combined with column adsorption experiments applying GAC and AIX 
material. Two different water types were tested, untreated groundwater and membrane reject water. AIX (A600) and 
GAC (F400). Approximate bed volumes to breakthrough estimated from Figure 2. 

-- ~5,000 ~5,000 ~5,000 ~5,000 ~5,000 -- -- -- 

Liu et al. (2021) 
Pilot scale system fed with groundwater compared four granular activated carbons The system was run with an empty 
bed contact time (EBCT) of 10 minutes per vessel. Approximate bed volumes to breakthrough estimated from Figure 
1 for Calgon F400 GAC.  

-- ~15,000 ~14,000 ~17,500 ~19,000 ~27,000 -- -- -- 

AIX 

Woodard et al. (2017) 

Used ECT’s Sorbix A3F to treat a groundwater matrix using three resin vessels in series with an overall EBCT of 7.5 
minutes. Pilot test included an initial loading cycle to evaluate virgin resin removal capacity and subsequent 
alternating cycles of resin loading and regeneration to evaluate effectiveness of regenerated resin. Approximate bed 
volumes to breakthrough estimated from Exhibits 11-21. 

~4,000 ~21,000 ~10,000 ~21,000 ~13,000 ~21,000 ~7,000 -- -- 

Franke et al. (2019) 
Full-scale nanofiltration membrane pilot plant combined with column adsorption experiments applying GAC and AIX 
material. Two different water types were tested, untreated groundwater and membrane reject water. AIX (A600) and 
GAC (F400). Approximate bed volumes to breakthrough estimated from Figure 2. 

-- ~18,000 ~8,000 ~17,000 ~17,000 ~19,000 -- -- -- 

Boyer et al. (2021) Review article summarizing use of anion exchange resins for PFAS removal. Table 3 of this review article summarizes 
bed volumes to breakthrough for various resins, media, and PFAS.  

~698–
120,000 

~9,000–
1,100,000 

~2,764–
70,000 

~15,000–
1,100,00 

~100–
1,100,000 

~450–
1,100,000 

~10,000–
120,500 -- -- 

Ellis et al. (2022) 
Pilot study using groundwater contaminated with aqueous film-forming foam. A series of resins were compared: 
A520E, PFA694E, CalRes 2301, and PSR2+ (A860 was also tested, BV to breakthrough are not shown here). 
Approximate bed volumes to breakthrough estimated from Figures 2 and Table 3. 

~5,000–
20,000 

~70,000–
180,000 

~10,000–
70,000 

~120,000
–180,000 

~30,000–
180,000 ~180,000 -- -- -- 
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Technology Reference Study Description PFBA PFBS PFHxA PFHxS PFOA PFOS 6:2 FTSA N-EtFOSAA N-MeFOSAA 

Modified 
Clay 

Najm et al. (2021) 

RSSCTs compared PFAS removal between three types of GAC and modified clay (Fluoro-sorb 200). Tests were 
completed using groundwater used for drinking water from San Jose, California. Influent PFBS, PFHxS, and PFOS 
concentrations were 2.4 ng/L, 8.5 ng/L, and 7.8 ng/L, respectively. The modified clay RSSCT column was operated at a 
full-scale equivalent of 2-minute EBCT. Note that PFHxA was detected in the influent at just below 2 ng/L (below the 
analytical reporting limit). PFHxA broke through at 30,000 BV. No explanation was provided for the relatively low 
capacity of the modified clay for PFHxA.  

-- >300,000 
30,000 

(refer to 
description) 

>300,000 -- >300,000 -- -- -- 

Grieco et al. (2021) 

RSSCTs compared PFAS removal between GAC (F400) and modified clay (Fluoro-sorb 200). Both media were ground 
prior to testing. RSSCTs were completed using groundwater used for drinking water from the Orange County Water 
District. The modified clay RSSCT column was operated at a full-scale equivalent of 2 minute EBCT. Bed volumes 
shown are RSSCT bed volumes estimated from Figure 5. The range is based on samples with varying dissolved 
organic carbon concentrations. The influent PFBS and PFOA concentrations ranged from 2.93 to 15.6 ng/L and 6.59 to 
22.0 ng/L, respectively. 

-- ~50,000-
175,000 -- -- ~225,000

-500,000 -- -- -- -- 

Separation – Media Sorption   Removal Efficiency from Batch Isotherm or Kinetic Tests 

Modified 
Clay 

Yan et al. (2020) 
PFAS-impacted groundwater collected from a former US Air Force base was used in batch adsorption experiments. 
The treatment of PFAS compounds with modified smectite clay (Fluoro-sorb 200) was studied. Removal efficiencies 
are estimated from Figure 1.  

-- -- -- ~94 ~88 ~94 ~77 -- -- 

Jiang et al. (2022) 

Modified clay media was prepared in the laboratory using montmorillonite and the quaternary ammonium surfactant 
cetyltrimethylammonium chloride (CTAC). A series of batch isotherm and kinetic tests were completed. Five 
concentrations ranges of PFAS were tested in synthetic laboratory water. PFAS were dosed in combination. Removal 
efficiencies shown are estimated from Figure 4 for the level 5 PFAS concentrations (highest concentrations tested) 
after 4 hours of equilibration. Removal efficiencies at lower concentration ranges tested were all >80% at all 
equilibration times (1-24 hours). 

-- >60 >50 >95 >95 ~100 >90 ~100 -- 

Destruction – Redox Chemistry  Destruction (%) = 100 x (1 - (PFASeffluent/PFASinfluent))  

SCWO 

Pinkard et al. (2021) 

PFOS decomposition in a batch SCWO reactor. Hydrogen peroxide was used as the oxidant source. Compared to 
continuous SCWO reactors, batch reactors operate at long residence times and lower temperatures. Results of this 
study are presented as destruction efficiencies at 425–500°C, 0-min and 60-min residence time. Destruction 
efficiencies estimated from Figure 2. 

-- -- -- -- -- 39–70  -- -- -- 

Krause et al. (2022) 
Article summarizing three demonstration studies done by providers of SCWO systems (Battelle, Aquarden 
Technologies, and 374Water). PFOS-based AFFF (3M Lightwater) was used as the test solution. All three 
demonstrations were continuous SCWO systems. Destruction efficiencies estimated from Figure 1. 

99–100 99–100 99–100 99–100 99–100 98–99 -- -- -- 

McDonough et al. 
(2022) A 1,000-fold AFFF foam was used for this pilot-scale study. Destruction efficiencies from Table 4. 99.97 99.99 99.99 99.99 99.99 99.99 -- -- -- 

Destruction – Thermal Destruction  Decomposition (%) = (1 – MassFinal/MassInitial)×100% 

GAC 
Reactivation 

Xiao et al. (2020) Laboratory study of the decomposition of PFAS on the surface of GAC under varying heat treatment temperatures 
(200-900°C) and atmospheres flow (air, N2, CO2). Decomposition efficiencies from Figure 3a-h. 

94.31–
99.98 

97.51–
99.97 -- 98.3–

99.94 
70.06–
99.97 

98.67–
100 -- -- -- 

Sonmez Baghirzade et 
al. (2021) 

Review article of thermal reactivation of GAC. Percent decomposition ranges shown for temperatures between 175°C 
and 500°C from Figure 2a and Figure 3. Values for N2 environment. Values estimated to the nearest 5%. 90–95 0–95 -- -- 70–95 0–95 -- -- -- 

Sasi et al., (2021) 
Laboratory study of the effects of GAC and other porous media on PFAS thermal decomposition. Percent 
decomposition ranges shown for temperatures 150°C and 300°C. No pressure information given assuming 
atmospheric pressure. Values estimate from logarithmic plots in Figure 1. 

0–99 -- -- -- 0–99 -- -- -- -- 

DiStefano et al. (2022) 
GAC reactivation conducted at facility owned and operated by Calgon. PFAS extraction and analysis from spent and 
reactivated GAC samples during emissions testing. Destruction efficiencies calculated from Table 1 and averaged over 
the three emissions tests. 

~99.97 ~99.98 ~99.98 ~99.99 ~99.99 ~99.99 ~99.13 ~99.63 ~99.68 

Pyrolysis Barranco et al. (2020) A series of tests conducted on sand spiked with PFAS ranging from 6,000 to 19,000 µg/kg. Results at 650°C. No 
pressure information given assuming atmospheric pressure. Destruction efficiency estimated from Figure 4-2. -- 99.98 -- 99.98 99.99 99.98 -- -- -- 
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Technology Reference Study Description PFBA PFBS PFHxA PFHxS PFOA PFOS 6:2 FTSA N-EtFOSAA N-MeFOSAA 

Thoma et al., (2022) Study of a commercial pyrolysis system. No PFAS were detected in the resulting biochar. Results are reported as a 
range from the two labs used to test PFAS concentrations. Values from Table 2 in the SI. 

98.07–
99.78 96.55 99.74–99.95 -- 99.75–

99.96 
99.08–
99.66 81.32 98.39–99.37 98.83–99.48 

RO=reverse osmosis; NF=nanofiltration; GAC=granular activated carbon; AIX=anion exchange; SCWO=supercritical water oxidation; -- = Data not reported. 
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Appendix D: Media Breakthrough Curve Estimates 

1 Introduction  
Breakthrough modeling was completed to estimate the time (and volume of water treated) before target 
per- and polyfluoroalkyl substances (PFAS) breakthrough fixed bed media vessels to effluent 
concentrations matching treatment target of 5 ng/L. These estimates were used to inform ongoing 
operational and maintenance (O&M) costs associated with treatment alternatives implementing media 
treatment, including Alternatives 1a, 1b, 2a, 5a, 6a, and 6b. These alternatives assume the media vessels 
are operated in a lead-lag configuration. The modeling and other approaches described below were used 
to estimate breakthrough across the lead vessel only, assuming that the lead granular activated carbon 
(GAC), anion exchange (AIX) resin, or modified clay media bed would be exchanged after breakthrough. In 
effect, this assumes that the lag media bed would have minimal PFAS loading allowing for a more 
predictable changeout frequency. This is likely a conservative approach and that in actual practice the lead 
media bed may be operated past the first detection of PFAS breakthrough.  

In the following sections, the term “bed volumes” will be used to describe the volumetric throughput of 
water treated through a fixed bed media vessel until a specific treatment criterion is reached. Bed volumes 
are a unitless measure reflecting the volume of water treated and is calculated as the total volume of 
water treated divided by the empty bed volume of the fixed media bed. 

There are uncertainties in the estimated media replacement frequencies used in this study, and sites 
seeking to implement media sorption for PFAS removal should conduct pilot studies to accurately predict 
media replacement frequencies based on site-specific water quality and PFAS removal goals.  

2 Background on Predicting PFAS Breakthrough of Fixed Bed Vessels 
Sorption media in fixed bed columns requires replacement, regeneration, or reactivation once its sorption 
capacity is used up and breakthrough of target PFAS in vessel effluent exceed acceptable concentrations. 
Breakthrough times vary with the chemistry of specific PFAS targeted and with the chemical properties of 
the water. In general, PFAS with long, hydrophobic carbon chains (such as perfluoroocatanoic acid, PFOA) 
are removed more effectively than short chains (such as perfluorobutanoic acid, PFBA). Sorption media 
also tend to have a greater affinity for PFAS with sulfonic acid polar groups than PFAS with carboxylic acid 
polar groups. Natural organic matter (NOM) competes with PFAS for sorption sites and thus adversely 
impacts performance and increases the media usage rate. The concentration of major anions in the water 
will also influence the performance of AIX due to a similar competition mechanism. Breakthrough defines 
media usage rates and, hence, influences operating costs for the removal process. 

For this study, PFAS removal through GAC was predicted by using an advection-dispersion-sink mass 
balance model (commonly applied for sorption processes in fixed bed reactors) coupled with a 
homogenous surface diffusion model (HSDM) as a way to estimate the frequency of GAC change-out 
(Burkhardt et al., 2022).  Implementation of this model is detailed in Section 3.  
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In contrast to GAC, AIX resins and modified clay media have limited studies in the literature that have 
applied mechanistic-based models for PFAS removal. Dixit et al. provided batch isotherm data needed to 
solve a coupled mass balance and HSDM for PFAS removal through AIX resin columns (Dixit et al., 2021); 
however, the resin used by Dixit et al. has shown relatively low capacity for PFAS removal than other 
PFAS-specific AIX resins in flow-through column experiments (Ellis et al., 2022). Studies using other AIX 
resins with sufficient isotherm data to enable mechanistic modeling of PFAS removal through PFAS-
specific AIX resins were not identified. There are examples of studies applying the Thomas model to 
describe PFAS removal through AIX resins (Ellis et al., 2022; Schaefer, Nguyen, et al., 2019). The Thomas 
model, however, is a descriptive model rather than a mechanistic model, so the fit parameters are specific 
to the study conditions (such as influent concentration, flow rate, and bed length) with limited 
applicability across projects and sites (Myers et al., 2023). Thus, modeling to predict PFAS removal and 
breakthrough through AIX resins was not completed. Instead, the bed volumes to breakthrough were 
estimated based on literature column studies (Boyer et al., 2021; Ellis et al., 2022; Franke et al., 2019; 
Woodard et al., 2017) and vendor input. For Alternatives 6a and 6b, in which AIX resin beds follow lead-
lag GAC beds, modeling was not completed due to overall complexity in modeling AIX breakthrough with 
variable influent concentrations resulting from upstream GAC performance and breakthrough. Rather, for 
these two alternatives, it was assumed that the AIX resin beds are operated for one year between media 
change-out events. 

For modified clay media, there are examples of flow-through column experiments in peer-reviewed 
literature (Grieco et al., 2021; Medina et al., 2022; Najm et al., 2021) as well as batch kinetic and isotherm 
tests (Jiang et al., 2022; Yan et al., 2020); however, no publicly available datasets were found showing 
successful development of a mechanistic breakthrough model for PFAS removal in a fixed bed system 
with modified clay media. Instead, bed volumes to breakthrough estimates were informed by literature 
column studies (Grieco et al., 2021; Medina et al., 2022; Najm et al., 2021) and vendor input, similar to the 
approach taken for AIX resin beds.  

The approach taken to estimate the bed volumes to breakthrough for each alternative is summarized 
below in Table 1. 
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Table 1 Approach taken to estimate the change-out frequency of sorption media 

Alternative Waste Streams Media Approach to estimate media 
change-out frequency 

1a 
WRRF Effluent, Landfill 
Leachate, or Compost 

Contact Water 
GAC HSDM Modeling 

1b RO Concentrate of Landfill 
Leachate GAC HSDM Modeling 

2a WRRF Effluent AIX Publicly available breakthrough 
curves and vendor input 

5a Landfill Leachate or 
Compost Contact Water Modified Clay Publicly available breakthrough 

curves and vendor input 

6a WRRF Effluent GAC HSDM Modeling 
AIX Assumed one year of operation 

6b RO Concentrate of WRRF 
Effluent  

GAC HSDM Modeling 
AIX Assumed one year of operation 

 

3 GAC Breakthrough Modeling 
3.1 Model Background 
For PFAS adsorption onto GAC, breakthrough was characterized using the mechanistic HSDM with PFAS 
partitioning between the media and water described by the Freundlich isotherm,  

  (1) 

in which q is the media-phase (i.e., surface) concentration and C is the water-phase concentration at 
equilibrium. The Freundlich isotherm parameters are determined either in suspended batch tests or by 
curve-fitting the breakthrough curve for a column study. 

Both breakthrough modeling approaches allow calculation of breakthrough curves for individual PFAS for 
varying influent concentrations and reactor configurations. However, the application of either approach 
has two implicit assumptions. First, the modeled PFAS concentrations are within the range of 
concentrations for which the Freundlich isotherm were developed. Second, the chemical parameters of 
the water (e.g., NOM concentration and major anion concentrations) are similar to the test conditions 
associated with development of the Freundlich or Langmuir isotherm. 

The water-phase concentration of an individual PFAS with distance in the column can be characterized by 
the following equation (Crittenden et al., 1986): 

  (3) 

in which C is the water-phase concentration, t is time, Dx is the dispersion coefficient, x is distance, ux is the 
linear water velocity, Kf is the water-film mass transfer coefficient, ε is the bed porosity, R is the radius of a 
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media particle, and Cs is the water-phase concentration at the surface of the media in equilibrium with the 
media-phase concentration. The initial condition for equation (3) is C = 0 at all points within the bed. The 
Danckwerts boundary conditions apply at the column’s inlet and outlet: 

   (4) 

   (5) 

in which Cinf is the influent water-phase PFAS concentration and L is the length (or depth) of the packed-
bed. 

The media-phase concentration of an individual PFAS with radial distance from the center of the spherical 
media can be described by the HSDM with Freundlich partitioning: 

   (6) 

in which Ds is the surface diffusion coefficient. The initial condition for equation (6) is q = 0 at all points 
within the media particle. Equation 6 has two boundary conditions. First, at the center of the spherical 
media particle, the radial concentration gradient is 0 (Equation 7). 

 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

|
 
 

𝑟𝑟 = 0
= 0  (7) 

Second, the mass flux from the bulk water phase to the surface of the media equals the flux into the 
media (Equation 8): 

   (8) 

in which ρm is the density of a media particle. From equation 1, the water-phase concentration at the 
surface of the media is: 

  .  (9) 
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3.2 Model Input Parameters 
3.2.1 System Flow and GAC Vessel Sizing 

The modeled flow and GAC vessel size were selected to achieve an empty bed contact time (EBCT) of 
15 minutes per vessel for each alternative.  

3.2.2 Mass Transfer Parameters 

For this work, the calculation of water-film mass transfer coefficient Kf followed Jarvie et al. (2005). The 
water-phase diffusion coefficient Dw for the individual PFAS were obtained from Schaefer et al. (2019). The 
surface diffusivities of PFAS on GAC (Ds) were calculated using the approach presented in Jarvie et al. 
(2005). 

3.2.3 Freundlich Parameters 

The recent literature was reviewed for Freundlich isotherms describing the accumulation of individual 
PFAS onto GAC. The available Freundlich isotherms were screened based on the following criteria: 

• the isotherms should reflect individual PFAS concentrations in the ng/L to µg/L range, and not the 
mg/L range; 

• the isotherms for individual PFAS should be developed under exposure to a mixture of PFAS, so 
that some degree of competitive effects is intrinsically included;  

• the mixture of PFAS should include the short chain PFAS such as PFBA and PFBS; and 
• the isotherms should be developed with exposure to natural organic matter (NOM), so that some 

degree of competitive effects is intrinsically included. 

The GAC Freundlich isotherm parameters were obtained from a pilot-scale column study treating the 
effluent from a biological reactor at a water utility (Burkhardt et al., 2022). The selected data set used 
Calgon F400 as the GAC. The GAC columns were exposed to a total organic carbon (TOC) concentration of 
about 2.2 mg/L. The selected GAC Freundlich isotherm parameters are provided in Table 2.  

Table 2 GAC Freundlich Isotherm Parameters (Calgon F400) (Burkhardt et al., 2022) 

PFAS K 
[(µg/g)(L/µg)1/n] 

1/n 
[unitless] 

PFBA 10.6 0.70 
PFBS 9.17 0.71 
PFHxA 56.0 1.0 
PFHxS 21.6 0.85 
PFOA 62.3 1.0 
PFOS 120 1.0 

 

3.2.4 Influent PFAS Concentrations 

PFAS concentrations used in the coupled mass balance and HSDM are summarized in Table 3. For all PFAS 
and modeling scenarios, the targeted breakthrough concentration was 5 ng/L. 
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For alternatives implementing RO (Alternatives 1b and 6b), an 85% water recovery was assumed for 
wastewater effluent and 65% recovery for landfill leachate. The PFAS rejection efficiency was assumed to 
be 100%. 

Table 3 Assumed PFAS Concentrations for Each Waste Stream Used in Breakthrough Modeling 

PFAS 
Wastewater 

Effluent 
Wastewater Effluent, 
Concentrate from RO 

Landfill 
Leachate 

Landfill Leachate, 
Concentrate from RO 

Compost 
Contact Water 

Alts 1a, 6a Alts 6b Alt 1a Alt 1b Alt 1a 
PFBA 15 75 950 2,714 450 
PFBS 15 75 250 714 10 
PFHxA 30 150 1,500 4,286 500 
PFHxS 5 25 350 1,000 10 
PFOA 40 200 900 2,571 30 
PFOS 5 25 150 429 20 
6:2 FTS 5 25 150 429 non-detect 
N-EtFOSAA non-detect non-detect 150 429 non-detect 

All concentrations in nanograms per liter (ng/L). 

3.3 Model Implementation 
Breakthrough curves were obtained from a split-operator finite-difference algorithm in which reactor 
transport (Equation 3) was solved separately from diffusive transport within the spherical GAC particle 
(Equation 6). The split-operator approach is well suited for situations with sharp breakthrough curves 
(Miller & Rabideau, 1993). The algorithm’s accuracy was verified by comparing to the analytical solution 
for linear adsorption isotherms (Rosen, 1954). 

3.4 GAC Breakthrough Modeling Results 
The HSDM model results are summarized in Table 4. 

Table 4 Estimated Bed Volumes to Breakthrough Across GAC Media Beds 

PFAS 
Wastewater 

Effluent 
Wastewater Effluent, 
Concentrate from RO 

Landfill 
Leachate 

Landfill Leachate, 
Concentrate from RO 

Compost 
Contact Water 

Alts 1a, 6a Alt 6b 1a 1b 1a 
PFBA 19,500 10,400 5,100 3,600 6,400 
PFBS 15,700 8,100 6,000 4,300 18,600 
PFHxA 21,700 15,000 10,800 9,100 12,800 
PFHxS N/A[2] 14,000 6,900 5,200 22,500 
PFOA 20,500 12,900 10,000 7,900 22,200 
PFOS N/A[2] 42,500 29,600 23,700 49,100 
6:2 FTS N/A[1] N/A[1] N/A[1] N/A[1] N/A[1] 
N-EtFOSAA N/A[1] N/A[1] N/A[1] N/A[1] N/A[1] 

All values are unitless bed volumes to breakthrough across a packed bed of Calgon F400 GAC. 
The bed volumes to breakthrough used in O&M estimates are bolded. 
N/A=Not available 
[1] Freundlich isotherm parameters were not reported for 6:2 FTS or N-EtFOSAA in Burkhardt et al. (2022). 
[2] Model runs were not long enough to observe breakthrough target for PFHxS and PFOS. These two PFAS are not expected to 

limit the GAC change-out frequency. 
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4 Bed Volume to Breakthrough Estimates 
The bed volumes to breakthrough used to inform operational cost estimates are summarized in Table 5. 

Table 5 Summary of estimated bed volumes to breakthrough used to inform operational cost 
estimates 

Alternative Waste Streams Media Bed Volumes to 
Breakthrough Basis 

1a 
WRRF Effluent GAC 10,000 HSDM Modeling[1] 

Landfill Leachate GAC 5,100 HSDM Modeling 
Compost Contact Water GAC 6,400 HSDM Modeling 

1b RO Concentrate of 
Landfill Leachate GAC 3,600 HSDM Modeling 

2a WRRF Effluent AIX Resin 20,000 Ellis et al. (2022) 

5a 
Landfill Leachate Modified Clay 5,000 Vendor input and limited 

literature 

Compost Contact Water Modified Clay 10,000 Vendor input and limited 
literature 

6a WRRF Effluent 

GAC 10,000 HSDM Modeling[1] 

AIX Resin 140,000 
Assumed one year of 

operation (140,000 bed 
volumes = 1 year) 

6b RO Concentrate of WRRF 
Effluent 

GAC 8,100 HSDM Modeling 

AIX Resin 140,000 
Assumed one year of 

operation (140,000 bed 
volumes = 1 year) 

[1] HSDM modeling estimated bed volumes to breakthrough to be 15,700. Based on referenced literature (see Appendix C), the 
maximum bed volumes to breakthrough for GAC was assumed to be 10,000 bed volumes.  
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Alternative 1a (GAC, Incineration) – Municipal Wastewater 

  



Appendix E: Table 1a - WW Units Notes

Waste stream Wastewater Wastewater Wastewater --

Design flow rate 0.1 1 10 MGD

Design flow rate 70 700 7,000 gpm Rounded to one significant digit.

Pressure Vessels

Vessel capacity 6,000 20,000 60,000 lb

# of lead/lag vessel trains 1 3 9 --

# of vessels 2 6 18 --

Media type 12x40 12x40 12x40 -- Reagglomerated, coal-based GAC.

Media apparent density 0.54 0.54 0.54 g/cm3

Media volume, per vessel 150 470 1,600 ft3
Calculated based on target EBCT. 

Rounded to two significant digits.

Media weight, per vessel 5,100 16,000 54,000 lb
Calculated based on target EBCT. 

Rounded to two significant digits.

Empty-bed contact time, per vessel 15 15 15 minutes

Vessel diameter 6.0 12 14 ft Showing two significant digits.

Media bed depth 5.0 4.1 10.1 ft Showing two significant digits.

Hydraulic loading rate 2.5 2.1 5.1 gpm/ft2 Showing two significant digits.

Estimated footprint, first train 800 2,400 3,300 ft2 Rounded to the nearest 100 ft2.

Estimated footprint, additional train 600 1,300 2,100 ft2 Rounded to the nearest 100 ft2.

Driving lane No Yes Yes --

Pipe gallery No Yes Yes --

Lab and bathroom No Yes Yes --

Estimated footprint, total 800 5,000 20,100 ft2 Rounded to the nearest 100 ft2.

Estimated time to breakthrough 10,000 10,000 10,000 bed volumes
Based on modelled breakthrough of PFBS 

at 5 ng/L.

Estimated changeout frequency 100 100 100 days Rounded down to the nearest 10 days.

# Trucks per event (virgin GAC) 1 2 13 -- Rounded to nearest integer.

# Trucks per event (spent GAC) 1 3 25 --

Assumes spent media is 2x weight after 

use, requiring 2x trucks to remove than 

deliver. Rounded to nearest integer.

Alternative 1a - GAC, Incineration



Appendix E: Table 1a - WW Units NotesAlternative 1a - GAC, Incineration

Change-out events per year 3.7 3.7 3.7 -- Rounded to two significant digits.

Estimated media usage rate 22,000 220,000 2,000,000 lbs/year Rounded to two significant digits.

Estimated media usage rate 0.60 0.60 0.55 lbs/1000-gal Pounds per 1,000 gallons treated.



PREPARED BY: BARR ENGINEERING COMPANY SHEET: 1 OF 1

BY: RRM DATE: 12/8/2022

CHECKED BY: AJM2 DATE: 3/3/2023

APPROVED BY: KMB DATE: 3/20/2023

PROJECT:

ISSUED: DRAFT 1 DATE: 11/11/2022

LOCATION: MINNESOTA ISSUED: DRAFT 2 DATE: 12/22/2022

PROJECT #: 23621432 ISSUED: FINAL DATE: 3/24/2023

OPINION OF COST - SUMMARY ISSUED: DATE:

Low Middle High

0.1 1 10 MGD

70 700 7000 GPM

Cat. No. ITEM DESCRIPTION UNIT QUANTITY UNIT COST ITEM COST QUANTITY UNIT COST ITEM COST QUANTITY UNIT COST ITEM COST NOTES

A General Conditions LS 1 $184,000 $184,000 1 $1,063,000 $1,063,000 1 $6,104,000 $6,104,000 1,2,3,4

B PFAS Separation Equipment LS 1 $320,000 $320,000 1 $1,767,000 $1,767,000 1 $12,096,000 $12,096,000 1,2,3,4

C Piping and Appurtenances LS 1 $160,000 $160,000 1 $884,000 $884,000 1 $6,048,000 $6,048,000 1,2,3,4

D Electrical and Instrumentation/Controls LS 1 $64,000 $64,000 1 $354,000 $354,000 1 $2,420,000 $2,420,000 1,2,3,4

E Treatment Building SF 800 $500 $400,000 5,000 $500 $2,500,000 20,100 $500 $10,050,000 1,2,3,4

F Site Work LS 1 $40,000 $40,000 1 $250,000 $250,000 1 $1,005,000 $1,005,000 1,2,3,4

G Installation (Equipment and Piping) LS 1 $240,000 $240,000 1 $1,326,000 $1,326,000 1 $9,072,000 $9,072,000 1,2,3,4

CONSTRUCTION SUBTOTAL $1,410,000 $8,140,000 $46,800,000 1,2,3,4,5

CONSTRUCTION CONTINGENCY 25% $350,000 25% $2,040,000 25% $11,700,000 1,4,5

ESTIMATED CONSTRUCTION COST $1,760,000 $10,180,000 $58,500,000 1,2,3,4,5

ESTIMATED TOTAL PROJECT COST $1,800,000 $10,200,000 $58,500,000 1,2,3,4,6

-30% $1,300,000 $7,200,000 $41,000,000 4,6

50% $2,700,000 $15,300,000 $87,800,000 4,6

Notes

Municipal Wastewater - Alternative 1a

6 Estimate costs are rounded up to nearest one hundred thousand dollars. Estimate costs are to construct each alternative. The estimated costs do not include planning, engineering and design, permitting, construction administration, maintenance, monitoring or 

additional tasks following construction.

LOW FLOW RATE MIDDLE FLOW RATE HIGH FLOW RATE

ESTIMATED ACCURACY RANGE

1  Limited design work completed.
2  Quantities based on design work completed.
3  Unit prices based on information available at this time.
4  This feasibility-level (Class 5, 0-2% design completion per AACE International Recommended Practice No. 17R-97) cost estimate is based on preliminary designs, quantities and unit prices.  Costs will change with further design.  Time value-of-money escalation 

costs are not included.  Contingency is an allowance for the net sum of costs that will be in the Final Total Project Cost at the time of the completion of design, but are not included at this level of project definition.  The estimated accuracy range for the Total 

Project Cost as the project is defined is -30% to +50%.  The accuracy range is based on professional judgement considering the level of design completed, the complexity of the project and the uncertainties in the project as scoped.  The contingency and the 

accuracy range are not intended to include costs for future scope changes that are not part of the project as currently scoped or costs for risk contingency.  Operation and maintenance costs are not included.
5 Estimate costs are reported to nearest ten thousand dollars.

ENGINEER'S OPINION OF PROBABLE PROJECT COST

Evaluation of Current Alternatives and Estimated Costs for 

PFAS Removal and Destruction from Municipal Wastewater, 

Biosolids, Landfill Leachate, and Compost Contact Water 

Engineer's Opinion of Probable Capital Cost
Total Treatment Flow Rate

Units
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Low Middle High

0.1 1 10 MGD

70 700 7,000 GPM

Item Num. Description of O&M Category Unit of Measure
Unit Rate 

(USD/unit)

Annual 

Quantity
Annual Total (USD)

Annual 

Quantity

Annual Total 

(USD)

Annual 

Quantity

Annual Total 

(USD)
Notes

1 VARIABLE COSTS

1.1 UTILITIES 12,000$                  26,000$              155,000$              1

1.1.1 Electricity - Process equipment kWh 0.13$               11,700 2,000$                     43,500 6,000$                 361,700 49,000$                 1,2

1.1.2 Electricity - Non-process energy load (building power, HVAC, etc.) kWh 0.13$               63,000 9,000$                     121,800 17,000$               710,400 95,000$                 1,2

1.1.3 Natural gas - Non-process energy load (heating) MMBTU 15$                  30 1,000$                     180 3,000$                 700 11,000$                 1

1.2 MEDIA REPLACEMENT AND DISPOSAL 129,000$                991,000$            4,971,000$          1

1.2.1 Media Purchase LB 2.50$               22,200 56,000$                   222,000 555,000$             0 -$                       1

1.2.2 Transportation - New Media Purchase MILE 3.00$               3,300 10,000$                   6,700 21,000$               0 -$                       1

1.2.3 Media disposal - Incineration LB 0.65$               44,400 29,000$                   444,000 289,000$             0 -$                       1

1.2.4 Transportation - Media incineration MILE 3.00$               2,800 9,000$                     8,400 26,000$               0 -$                       1

1.2.5 Media disposal - Reactivation (Destruction + Media) LB 2.00$               0 -$                         0 -$                     1,998,000 3,996,000$            1

1.2.6 Transportation - Media reactivation MILE 3.00$               0 -$                         0 -$                     166,500 500,000$               1

1.2.7 General Conditions - Service Provider - Mobilization TRUCK PER EVENT 5,000$             5 25,000$                   20 100,000$             95 475,000$               1

1.3 MAINTENANCE 19,000$                  104,000$            668,000$              1

1.3.1 Process equipment maintenance % equip. purchase 3% 1 17,000$                   1 91,000$               1 617,000$               1

1.3.2 General building maintenance sq foot 2.50$               800 2,000$                     5,000 13,000$               20,100 51,000$                 1

1.4 ANALYTICAL MONITORING 16,000$                  36,000$              92,000$                1

1.4.1 Monitoring - Monthly samples SAMPLE+SHIPPING 400$                40 16,000$                   90 36,000$               230 92,000$                 1

Item Num. Description of O&M Category Unit of Measure
Annual Salary 

(USD)

Annual 

Quantity
Annual Total (USD)

Annual 

Quantity

Annual Total 

(USD)

Annual 

Quantity

Annual Total 

(USD)
Notes

2
FIXED COSTS

2.1 O&M LABOR

2.1.1 Water Treatment Operator FTE 100,000$         1 100,000$                 1 100,000$             2 200,000$               1

2.1.2 Shift Maintenance (Mechanical, Electrical) FTE 100,000$         0.5 50,000$                   0.5 50,000$               1 100,000$               1

Base Payroll 150,000$                 150,000$             300,000$               1

Fringe Rate 0.5 75,000$                   75,000$               150,000$               1

Total Payroll 225,000$                225,000$            450,000$              1

ESTIMATED TOTAL ANNUAL OPERATING COSTS 410,000$                1,400,000$        6,400,000$          3

290,000$                 980,000$             4,480,000$            3,4

620,000$                 2,100,000$          9,600,000$            3,4

Unit Cost per 1,000 gallons treated 11.23$                     3.84$                   1.75$                     

Notes

Engineer's Opinion of Probable O&M Cost
Total Treatment Flow Rate

Units

ENGINEER'S OPINION OF PROBABLE PROJECT COST

Municipal Wastewater - Alternative 1a - GAC

LOW FLOWRATE MIDDLE FLOWRATE HIGH FLOWRATE

Estimated Uncertainty Range
-30%

Total Workforce

+50%

2 Assumed operating 7 days of operation per week, 365 days per year. Adjusted based on flow. Reference: Electric Power Research Institute and Water Research Foundation. Electricity Use and Management in the Municipal Water Supply and 

Wastewater Industries. Report 3002001433. November 2013.

3 Values less than $1 million are rounded to the nearest ten thousand USD, and values greater than or equal to $1 million are rounded up to the nearest one hundred thousand USD.

4 Operation and maintenance costs are based on a Class 5 capital cost estimate with a +50/-30% uncertainty as applicable for projects at less than 2% of full project definition per AACE International 17R-97. Operation and maintenance costs are 

also expected to have a +50/-30% uncertainty.

1 Annual total cost values are rounded up to the nearest thousand USD.
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Alternative 1a (GAC, Incineration) – Landfill Leachate / Compost 

Contact Water 

  



Appendix E: Table 1a - LL/CCW Units Notes

Waste stream LL/CCW LL/CCW LL/CCW --

Design flow rate 0.00144 0.0144 0.14 MGD

Design flow rate 1 10 100 gpm Rounded to one significant digit.

Pressure Vessels

Vessel capacity 90 750 10,000 lb

# of lead/lag vessel trains 2 1 1 --

# of vessels 4 2 2 --

Media type 12x40 12x40 12x40 -- Reagglomerated, coal-based GAC.

Media apparent density 0.54 0.54 0.54 g/cm3

Media volume, per vessel 2.0 21 210 ft3
Calculated based on target EBCT. 

Rounded to two significant digits.

Media weight, per vessel 70 710 7,100 lb
Calculated based on target EBCT. 

Rounded to two significant digits.

Empty-bed contact time, per vessel 15 15 15 minutes

Vessel diameter 1.2 2.0 8.0 ft Showing two significant digits.

Media bed depth 0.9 6.4 4.0 ft Showing two significant digits.

Hydraulic loading rate 0.5 3.2 2.0 gpm/ft2 Showing two significant digits

Estimated footprint, first train 50 140 1,900 ft2

1 and 10 gpm rounded to the nearest 

10 ft2. 100 gpm rounded to the nearest 

100 ft2.

Estimated footprint, additional train 40 100 1,300 ft2

1 and 10 gpm rounded to the nearest 

10 ft2. 100 gpm rounded to the nearest 

100 ft2.

Driving lane No No Yes --

Pipe gallery No No Yes --

Lab and bathroom No No No --

Estimated footprint, total 90 140 1,900 ft2

1 and 10 gpm rounded to the nearest 

10 ft2. 100 gpm rounded to the nearest 

100 ft2.

Alternative 1a - GAC, Incineration



Appendix E: Table 1a - LL/CCW Units NotesAlternative 1a - GAC, Incineration

Estimated Time to Breakthrough - LL

Estimated time to breakthrough 5,100 5,100 5,100 bed volumes
Based on modelled breakthrough of 

PFBS at 5 ng/L.

Estimated changeout frequency 50 50 50 days Rounded down to the nearest 10 days.

# Trucks per event (virgin GAC) 1 1 1 -- Rounded to nearest integer.

# Trucks per event (spent GAC) 1 1 1 --

Assumes spent media is 2x weight after 

use, requiring 2x trucks to remove than 

deliver. Rounded to nearest integer.

Change-out events per year 7.3 7.3 7.3 -- Rounded to two significant digits.

Estimated media usage rate 1,400 5,500 73,000 lbs/year Rounded to two significant digits.

Estimated media usage rate 2.66 1.05 1.39 lbs/1000-gal Pounds per 1,000 gallons treated.

Estimated Time to Breakthrough - CCW

Estimated time to breakthrough 6,400 6,400 6,400 bed volumes
Based on modelled breakthrough of 

PFBS at 5 ng/L.

Estimated changeout frequency 60 60 60 days Rounded down to the nearest 10 days.

# Trucks per event (virgin GAC) 1 1 1 -- Rounded to nearest integer.

# Trucks per event (spent GAC) 1 1 1 --

Assumes spent media is 2x weight after 

use, requiring 2x trucks to remove than 

deliver. Rounded to nearest integer.

Change-out events per year 6.1 6.1 6.1 -- Rounded to two significant digits.

Estimated media usage rate 1,100 4,600 61,000 lbs/year Rounded to two significant digits.

Estimated media usage rate 2.09 0.88 1.16 lbs/1000-gal Pounds per 1,000 gallons treated.
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Low Middle High

0.00144 0.0144 0.144 MGD

1 10 100 GPM

Cat. No. ITEM DESCRIPTION UNIT QUANTITY UNIT COST ITEM COST QUANTITY UNIT COST ITEM COST QUANTITY UNIT COST ITEM COST NOTES

A General Conditions LS 1 $16,000 $16,000 1 $42,000 $42,000 1 $294,000 $294,000 1,2,3,4

B PFAS Separation Equipment LS 1 $21,000 $21,000 1 $82,000 $82,000 1 $372,000 $372,000 1,2,3,4

C Piping and Appurtenances LS 1 $11,000 $11,000 1 $41,000 $41,000 1 $186,000 $186,000 1,2,3,4

D Electrical and Instrumentation/Controls LS 1 $5,000 $5,000 1 $17,000 $17,000 1 $75,000 $75,000 1,2,3,4

E Treatment Building SF 90 $500 $45,000 140 $500 $70,000 1,900 $500 $950,000 1,2,3,4

F Site Work LS 1 $5,000 $5,000 1 $7,000 $7,000 1 $95,000 $95,000 1,2,3,4

G Installation (Equipment and Piping) LS 1 $16,000 $16,000 1 $62,000 $62,000 1 $279,000 $279,000 1,2,3,4

CONSTRUCTION SUBTOTAL $120,000 $320,000 $2,250,000 1,2,3,4,5

CONSTRUCTION CONTINGENCY 25% $30,000 25% $80,000 25% $560,000 1,4,5

ESTIMATED CONSTRUCTION COST $150,000 $400,000 $2,810,000 1,2,3,4,5

ESTIMATED TOTAL PROJECT COST $200,000 $400,000 $2,900,000 1,2,3,4,6

-30% $200,000 $300,000 $2,100,000 4,6

50% $300,000 $600,000 $4,400,000 4,6

Notes

6 Estimate costs are rounded up to nearest one hundred thousand dollars. Estimate costs are to construct each alternative. The estimated costs do not include planning, engineering and design, permitting, construction administration, maintenance, monitoring or 

LOW FLOW RATE MIDDLE FLOW RATE HIGH FLOW RATE

ESTIMATED ACCURACY RANGE

1  Limited design work completed.
2  Quantities based on design work completed.
3  Unit prices based on information available at this time.
4  This feasibility-level (Class 5, 0-2% design completion per AACE International Recommended Practice No. 17R-97) cost estimate is based on preliminary designs, quantities and unit prices.  Costs will change with further design.  Time value-of-money escalation 

costs are not included.  Contingency is an allowance for the net sum of costs that will be in the Final Total Project Cost at the time of the completion of design, but are not included at this level of project definition.  The estimated accuracy range for the Total 

Project Cost as the project is defined is -30% to +50%.  The accuracy range is based on professional judgement considering the level of design completed, the complexity of the project and the uncertainties in the project as scoped.  The contingency and the 

accuracy range are not intended to include costs for future scope changes that are not part of the project as currently scoped or costs for risk contingency.  Operation and maintenance costs are not included.

5 Estimate costs are reported to nearest ten thousand dollars.

ENGINEER'S OPINION OF PROBABLE PROJECT COST

Evaluation of Current Alternatives and Estimated Costs for 

PFAS Removal and Destruction from Municipal Wastewater, 

Biosolids, Landfill Leachate, and Compost Contact Water 

Engineer's Opinion of Probable Capital Cost Units

Landfill Leachate / Compost Contact Water - 

Alternative 1a

Total Treatment Flow Rate
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Low Middle High

0.00144 0.0144 0.144 MGD

1 10 100 GPM

Item Num. Description of O&M Category Unit of Measure
Unit Rate 

(USD/unit)

Annual 

Quantity

Annual Total 

(USD)

Annual 

Quantity

Annual Total 

(USD)

Annual 

Quantity

Annual Total 

(USD)
Notes

1 VARIABLE COSTS

1.1 UTILITIES 10,000$               10,000$               13,000$               1

1.1.1 Electricity - Process equipment kWh 0.13$                8,200 2,000$                  8,700 2,000$                  13,200 2,000$                  1,2

1.1.2 Electricity - Non-process energy load (building power, HVAC, etc.) kWh 0.13$                56,500 8,000$                  57,400 8,000$                  65,900 9,000$                  1,2

1.1.3 Natural gas - Non-process energy load (heating) MMBTU 15$                  0 -$                     0 -$                     70 2,000$                  1

1.2 MEDIA REPLACEMENT AND DISPOSAL 118,000$             134,000$             390,000$             1

1.2.1 Media Purchase LB 2.50$                1,400 4,000$                  5,500 14,000$                73,000 183,000$              1

1.2.2 Transportation - New Media Purchase MILE 3.00$                6,600 20,000$                6,600 20,000$                6,600 20,000$                1

1.2.3 Media disposal - Incineration LB 0.65$                2,800 2,000$                  11,000 8,000$                  146,000 95,000$                1

1.2.4 Transportation - Media incineration MILE 3.00$                5,500 17,000$                5,500 17,000$                5,500 17,000$                1

1.2.5 General Conditions - Service Provider - Mobilization TRUCK PER EVENT 5,000$              15 75,000$                15 75,000$                15 75,000$                1

1.3 MAINTENANCE 3,000$                 6,000$                 24,000$               1

1.3.1 Process equipment maintenance % equipment 3% 1 2,000$                  1 5,000$                  1 19,000$                1

1.3.2 General building maintenance sq foot 2.50$                90 1,000$                  140 1,000$                  1,900 5,000$                  1

1.4 ANALYTICAL MONITORING 24,000$               16,000$               16,000$               1

1.4.1 Monitoring - Monthly samples SAMPLE+SHIPPING 400$                60 24,000$                40 16,000$                40 16,000$                1

Item Num. Description of O&M Category Unit of Measure
Annual Salary 

(USD)

Annual 

Quantity

Annual Total 

(USD)

Annual 

Quantity

Annual Total 

(USD)

Annual 

Quantity

Annual Total 

(USD)
Notes

2
FIXED COSTS

2.1 O&M LABOR

2.1.1 Water Treatment Operator FTE 100,000$          0.5 50,000$                0.5 50,000$                1 100,000$              1

2.1.2 Shift Maintenance (Mechanical, Electrical) FTE 100,000$          0.5 50,000$                0.5 50,000$                0.5 50,000$                1

Base Payroll 100,000$              100,000$              150,000$              1

Fringe Rate 0.5 50,000$                50,000$                75,000$                1

Total Payroll 150,000$             150,000$             225,000$             1

ESTIMATED TOTAL ANNUAL OPERATING COSTS 310,000$             320,000$             700,000$             3

220,000$              230,000$              490,000$              3,4

470,000$              480,000$              1,050,000$           3,4

Unit Cost per 1,000 gallons treated 590$                     61$                      13.32$                  

Notes
1 Annual total cost values are rounded up to the nearest thousand USD.
2 Assumed operating 7 days of operation per week, 365 days per year. Adjusted based on flow. Reference: Electric Power Research Institute and Water Research Foundation. Electricity Use and Management in the Municipal Water Supply and 

Wastewater Industries. Report 3002001433. November 2013.

3 Values less than $1 million are rounded to the nearest ten thousand USD, and values greater than or equal to $1 million are rounded up to the nearest one hundred thousand USD.

4 Operation and maintenance costs are based on a Class 5 capital cost estimate with a +50/-30% uncertainty as applicable for projects at less than 2% of full project definition per AACE International 17R-97. Operation and maintenance costs are also 

expected to have a +50/-30% uncertainty.

Estimated Uncertainty Range
-30%

+50%

Total Workforce

Landfill Leachate - Alternative 1a - GAC

LOW FLOWRATE MIDDLE FLOWRATE HIGH FLOWRATE

Engineer's Opinion of Probable O&M Cost Units

ENGINEER'S OPINION OF PROBABLE PROJECT COST

Total Treatment Flow Rate
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Low Middle High

0.00144 0.0144 0.144 MGD

1 10 100 GPM

Item Num. Description of O&M Category Unit of Measure
Unit Rate 

(USD/unit)

Annual 

Quantity

Annual Total 

(USD)

Annual 

Quantity

Annual Total 

(USD)

Annual 

Quantity

Annual Total 

(USD)
Notes

1 VARIABLE COSTS

1.1 UTILITIES 10,000$               10,000$               13,000$               1

1.1.1 Electricity - Process equipment kWh 0.13$                8,200 2,000$                  8,700 2,000$                  13,200 2,000$                  1,2

1.1.2 Electricity - Non-process energy load (building power, HVAC, etc.) kWh 0.13$                56,500 8,000$                  57,400 8,000$                  65,900 9,000$                  1,2

1.1.3 Natural gas - Non-process energy load (heating) MMBTU 15$                  0 -$                     0 -$                     70 2,000$                  1

1.2 MEDIA REPLACEMENT AND DISPOSAL 86,000$               99,000$               314,000$             1

1.2.1 Media Purchase LB 2.50$                1,100 3,000$                  4,600 12,000$                61,000 153,000$              1

1.2.2 Transportation - New Media Purchase MILE 3.00$                5,500 17,000$                5,500 17,000$                5,500 17,000$                1

1.2.3 Media disposal - Incineration LB 0.65$                2,200 2,000$                  9,200 6,000$                  122,000 80,000$                1

1.2.4 Transportation - Media incineration MILE 3.00$                4,600 14,000$                4,600 14,000$                4,600 14,000$                1

1.2.5 General Conditions - Service Provider - Mobilization TRUCK PER EVENT 5,000$              10 50,000$                10 50,000$                10 50,000$                1

1.3 MAINTENANCE 3,000$                 6,000$                 24,000$               1

1.3.1 Process equipment maintenance % equipment 3% 1 2,000$                  1 5,000$                  1 19,000$                1

1.3.2 General building maintenance sq foot 2.50$                90 1,000$                  140 1,000$                  1,900 5,000$                  1

1.4 ANALYTICAL MONITORING 24,000$               16,000$               16,000$               1

1.4.1 Monitoring - Monthly samples SAMPLE+SHIPPING 400$                60 24,000$                40 16,000$                40 16,000$                1

Item Num. Description of O&M Category Unit of Measure
Annual Salary 

(USD)

Annual 

Quantity

Annual Total 

(USD)

Annual 

Quantity

Annual Total 

(USD)

Annual 

Quantity

Annual Total 

(USD)
Notes

2
FIXED COSTS

2.1 O&M LABOR

2.1.1 Water Treatment Operator FTE 100,000$          0.5 50,000$                0.5 50,000$                1 100,000$              1

2.1.2 Shift Maintenance (Mechanical, Electrical) FTE 100,000$          0.5 50,000$                0.5 50,000$                0.5 50,000$                1

Base Payroll 100,000$              100,000$              150,000$              1

Fringe Rate 0.5 50,000$                50,000$                75,000$                1

Total Payroll 150,000$             150,000$             225,000$             1

ESTIMATED TOTAL ANNUAL OPERATING COSTS 280,000$             290,000$             600,000$             3

200,000$              210,000$              420,000$              3,4

420,000$              440,000$              900,000$              3,4

Unit Cost per 1,000 gallons treated 533$                     55$                      11.42$                  

Notes

Engineer's Opinion of Probable O&M Cost

ENGINEER'S OPINION OF PROBABLE PROJECT COST

Units
Total Treatment Flow Rate

Compost Contact Water - Alternative 1a - GAC

LOW FLOWRATE MIDDLE FLOWRATE HIGH FLOWRATE

Estimated Uncertainty Range
-30%

+50%

Total Workforce

4 Operation and maintenance costs are based on a Class 5 capital cost estimate with a +50/-30% uncertainty as applicable for projects at less than 2% of full project definition per AACE International 17R-97. Operation and maintenance costs are also 

expected to have a +50/-30% uncertainty.

3 Values less than $1 million are rounded to the nearest ten thousand USD, and values greater than or equal to $1 million are rounded up to the nearest one hundred thousand USD.

2 Assumed operating 7 days of operation per week, 365 days per year. Adjusted based on flow. Reference: Electric Power Research Institute and Water Research Foundation. Electricity Use and Management in the Municipal Water Supply and 

Wastewater Industries. Report 3002001433. November 2013.

1 Annual total cost values are rounded up to the nearest thousand USD.
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Alternative 1b (RO, GAC, Incineration) – Landfill Leachate 

  



Appendix E: Table 1b - LL Units Notes

Waste stream LL LL LL --

Design flow rate 0.0014400 0.0144 0.144 MGD

Design flow rate 1 10 100 gpm Rounded to one significant digit.

Membranes

Recovery 65% 65% 65% % Assumed, lower than WW due to higher salinity.

# of skids 1 1 1 --

# Elements 2 7 54

Membrane type RO RO RO --

Flux 16 16 16 gfd gfd = gallons per sq. ft. per day.

Concentrate management flow rate 0.0005 0.005 0.05 MGD

Concentrate management flow rate 1 4 40 gpm Rounded to one significant digit.

Estimated footprint, total (membranes) 10 300 700 ft2

Pressure Vessels (GAC)

Vessel capacity 90 250 2,000 lb

# of lead/lag vessel trains 2 2 2 --

# of vessels 4 4 4 --

Media type 12x40 12x40 12x40 -- Reagglomerated, coal-based GAC.

Media apparent density 0.54 0.54 0.54 g/cm3

Media volume, per vessel 2 5 41 ft3
Calculated based on target EBCT. Rounded to 

nearest integer.

Media weight, per vessel 70 170 1,400 lb
Calculated based on target EBCT. Rounded to 

two significant digits.

Empty-bed contact time, per vessel 15 15 15 minutes

Vessel diameter 1.2 2.0 5.0 ft Showing two significant digits.

Media bed depth 0.94 1.3 2.0 ft Showing two significant digits.

Hydraulic loading rate 0.47 0.64 1.0 gpm/ft2 Showing two significant digits.

Estimated footprint, first train 50 60 900 ft2
1 and 10 gpm rounded to the nearest 10 ft2. 100 

gpm rounded to the nearest 100 ft2.

Alternative 1b - RO, Concentrate to GAC and 

Incineration



Appendix E: Table 1b - LL Units Notes
Alternative 1b - RO, Concentrate to GAC and 

Incineration

Estimated footprint, additional train 40 50 600 ft2
1 and 10 gpm rounded to the nearest 10 ft2. 100 

gpm rounded to the nearest 100 ft2.

Driving lane No No Yes --

Pipe gallery No No Yes --

Lab and bathroom No No No --

Estimated footprint, total (GAC) 90 110 1,500 ft2
1 and 10 gpm rounded to the nearest 10 ft2. 100 

gpm rounded to the nearest 100 ft2.

Combined footprint, total 100 410 2,200 ft2
1 and 10 gpm rounded to the nearest 10 ft2. 100 

gpm rounded to the nearest 100 ft2.

Estimated time to breakthrough, GAC 3,600 3,600 3,600 bed volumes
Based on modelled breakthrough of PFBS at 5 

ng/L.

Estimated changeout frequency, GAC 30 30 30 days Rounded down to the nearest 10 days.

# Trucks per event (virgin GAC) 1 1 1 -- Rounded to nearest integer.

# Trucks per event (spent GAC) 1 1 1 --

Assumes spent media is 2x weight after use, 

requiring 2x trucks to remove than deliver. 

Rounded to nearest integer.

Change-out events per year 13 13 13 -- Rounded to two significant digits.

Estimated media usage rate 2,200 6,100 49,000 lbs/year Rounded to two significant digits.

Estimated media usage rate 4.19 1.16 0.93 lbs/1000-gal Pounds per 1,000 gallons treated.
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OPINION OF COST - SUMMARY ISSUED: DATE:

Low Middle High

0.0014 0.014 0.14 MGD

1 10 100 GPM

Cat. No. ITEM DESCRIPTION UNIT QUANTITY UNIT COST ITEM COST QUANTITY UNIT COST ITEM COST QUANTITY UNIT COST ITEM COST NOTES

A General Conditions LS 1 $46,000 $46,000 1 $216,000 $216,000 1 $654,000 $654,000 1,2,3,4

B PFAS Separation Equipment LS 1 $31,000 $31,000 1 $92,000 $92,000 1 $679,000 $679,000 1,2,3,4

C Piping and Appurtenances LS 1 $16,000 $16,000 1 $46,000 $46,000 1 $340,000 $340,000 1,2,3,4

D Electrical and Instrumentation/Controls LS 1 $7,000 $7,000 1 $19,000 $19,000 1 $136,000 $136,000 1,2,3,4

E Treatment Building SF 410 $500 $205,000 2,200 $500 $1,100,000 4,900 $500 $2,450,000 1,2,3,4

F Site Work LS 1 $21,000 $21,000 1 $110,000 $110,000 1 $245,000 $245,000 1,2,3,4

G Installation (Equipment and Piping) LS 1 $24,000 $24,000 1 $69,000 $69,000 1 $510,000 $510,000 1,2,3,4

CONSTRUCTION SUBTOTAL $350,000 $1,650,000 $5,010,000 1,2,3,4,5

CONSTRUCTION CONTINGENCY 25% $90,000 25% $410,000 25% $1,250,000 1,4,5

ESTIMATED CONSTRUCTION COST $440,000 $2,060,000 $6,260,000 1,2,3,4,5

ESTIMATED TOTAL PROJECT COST $500,000 $2,100,000 $6,300,000 1,2,3,4,6

-30% $400,000 $1,500,000 $4,500,000 4,6

50% $800,000 $3,200,000 $9,500,000 4,6

Notes

6 Estimate costs are rounded up to nearest one hundred thousand dollars. Estimate costs are to construct each alternative. The estimated costs do not include planning, engineering and design, permitting, construction administration, maintenance, monitoring or 

additional tasks following construction.

Total Treatment Flow Rate
Units

1  Limited design work completed.
2  Quantities based on design work completed.
3  Unit prices based on information available at this time.
4  This feasibility-level (Class 5, 0-2% design completion per AACE International Recommended Practice No. 17R-97) cost estimate is based on preliminary designs, quantities and unit prices.  Costs will change with further design.  Time value-of-money escalation 

costs are not included.  Contingency is an allowance for the net sum of costs that will be in the Final Total Project Cost at the time of the completion of design, but are not included at this level of project definition.  The estimated accuracy range for the Total 

Project Cost as the project is defined is -50% to +50%.  The accuracy range is based on professional judgement considering the level of design completed, the complexity of the project and the uncertainties in the project as scoped.  The contingency and the 

accuracy range are not intended to include costs for future scope changes that are not part of the project as currently scoped or costs for risk contingency.  Operation and maintenance costs are not included.

5 Estimate costs are reported to nearest ten thousand dollars.

LOW FLOW RATE MIDDLE FLOW RATE HIGH FLOW RATE

ESTIMATED ACCURACY RANGE

ENGINEER'S OPINION OF PROBABLE PROJECT COST

Evaluation of Current Alternatives and Estimated Costs for 

PFAS Removal and Destruction from Municipal Wastewater, 

Biosolids, Landfill Leachate, and Compost Contact Water 

Engineer's Opinion of Probable Capital Cost

Landfill Leachate - Alternative 1b
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PROJECT:

Evaluation of Current Alternatives and Estimated Costs for PFAS 

Removal and Destruction from Municipal Wastewater, Biosolids, 

Landfill Leachate, and Compost Contact Water ISSUED: DRAFT 1 DATE: 11/11/2022

LOCATION: MINNESOTA ISSUED: DRAFT 2 DATE: 12/22/2022

PROJECT #: 23621432 ISSUED: FINAL DATE: 3/24/2023

OPINION OF COST - SUMMARY ISSUED: DATE:

Low Middle High

0.00144 0.0144 0.144 MGD

1 10 100 GPM

Item Num. Description of O&M Category Unit of Measure
Unit Rate 

(USD/unit)

Annual 

Quantity
Annual Total (USD) Annual Quantity

Annual Total 

(USD)
Annual Quantity

Annual Total 

(USD)
Notes

1 VARIABLE COSTS

1.1 UTILITIES 10,000$                   14,000$               45,000$                 1

1.1.1 Electricity - Process equipment kWh 0.13$                10,600 2,000$                      32,800 5,000$                  254,000 34,000$                  1,2

1.1.2 Electricity - Non-process energy load (building power, HVAC, etc.) kWh 0.13$                56,500 8,000$                      57,400 8,000$                  65,900 9,000$                    1,2

1.1.3 Natural gas - Non-process energy load (heating) MMBTU 15$                  0 -$                         10 1,000$                  80 2,000$                    1

1.2 MEDIA REPLACEMENT AND DISPOSAL 200,000$                 217,000$             389,000$               1

1.2.1 Media Purchase LB 2.50$                2,300 6,000$                      6,500 17,000$                52,000 130,000$                1

1.2.2 Transportation - New Media Purchase MILE 3.00$                11,700 36,000$                    11,700 36,000$                11,700 36,000$                  1

1.2.3 Media disposal - Incineration LB 0.65$                4,600 3,000$                      13,000 9,000$                  104,000 68,000$                  1

1.2.4 Transportation - Media incineration MILE 3.00$                9,900 30,000$                    9,900 30,000$                9,900 30,000$                  1

1.2.5 General Conditions - Service Provider - Mobilization TRUCK PER EVENT 5,000$              25 125,000$                  25 125,000$              25 125,000$                1

1.3 RO CONSUMABLES 7,000$                     20,000$               277,000$               1

1.3.1 Antiscalant LB 10$                  10 1,000$                      100 1,000$                  1,000 10,000$                  1

1.3.2 Clean-in-place Chemicals LB 2$                    2,400 5,000$                      8,400 17,000$                129,800 260,000$                1

1.3.3 RO Element Replacement (5-year Replacement) Element 700$                1 1,000$                      2 2,000$                  10 7,000$                    1

1.4 MAINTENANCE 3,000$                     6,000$                 41,000$                 1

1.4.1 Process equipment maintenance % equipment 3% 1 2,000$                      1 5,000$                  1 35,000$                  1

1.4.2 General building maintenance sq foot 2.50$                100 1,000$                      400 1,000$                  2,200 6,000$                    1

1.5 ANALYTICAL MONITORING 36,000$                   36,000$               36,000$                 1

1.5.1 Monitoring - Monthly samples SAMPLE+SHIPPING 400$                90 36,000$                    90 36,000$                90 36,000$                  1

Item Num. Description of O&M Category Unit of Measure
Annual Salary 

(USD)

Annual 

Quantity
Annual Total (USD) Annual Quantity

Annual Total 

(USD)
Annual Quantity

Annual Total 

(USD)
Notes

2
FIXED COSTS

2.1 O&M LABOR

2.1.1 Water Treatment Operator FTE 100,000$          1 100,000$                  1 100,000$              1 100,000$                1

2.1.2 Shift Maintenance (Mechanical, Electrical) FTE 100,000$          0.5 50,000$                    0.5 50,000$                0.5 50,000$                  1

Base Payroll 150,000$                  150,000$              150,000$                1

Fringe Rate 0.5 75,000$                    75,000$                75,000$                  1

Total Payroll 225,000$                 225,000$             225,000$               1

ESTIMATED TOTAL ANNUAL OPERATING COSTS 490,000$                 520,000$             1,100,000$            3

350,000$                  370,000$              770,000$                3,4

800,000$                  800,000$              1,700,000$             3,4

Unit Cost per 1,000 gallons treated 932$                         99$                      20.93$                    

Notes

Engineer's Opinion of Probable O&M Cost
Total Treatment Flow Rate

Units

ENGINEER'S OPINION OF PROBABLE PROJECT COST

Landfill Leachate - Alternative 1b - RO+GAC

LOW FLOWRATE MIDDLE FLOWRATE HIGH FLOWRATE

Estimated Uncertainty Range
-30%

Total Workforce

4 Operation and maintenance costs are based on a Class 5 capital cost estimate with a +50/-30% uncertainty as applicable for projects at less than 2% of full project definition per AACE International 17R-97. Operation and maintenance costs are also expected 

to have a +50/-30% uncertainty.

+50%

1 Annual total cost values are rounded up to the nearest thousand USD.
2 Assumed operating 7 days of operation per week, 365 days per year. Adjusted based on flow. Reference: Electric Power Research Institute and Water Research Foundation. Electricity Use and Management in the Municipal Water Supply and Wastewater 

Industries. Report 3002001433. November 2013.

3 Values less than $1 million are rounded to the nearest ten thousand USD, and values greater than or equal to $1 million are rounded up to the nearest one hundred thousand USD.
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Alternative 2a (AIX, Incineration) – Municipal Wastewater 

  



Appendix E: Table 2a - WW Units Notes

Waste stream Wastewater Wastewater Wastewater --

Design flow rate 0.1 1 10 MGD

Design flow rate 70 700 7,000 gpm Rounded to one significant digit.

Pressure Vessels

Vessel capacity 38 201 450 ft3

# of lead/lag vessel trains 2 2 9 --

# of vessels 4 4 18 --

Media type AIX Resin AIX Resin AIX Resin -- Polystyrenic gel.

Media apparent density 42.2 42.2 42.2 lb/ft3

Media volume, per vessel 19 190 420 ft3
Calculated based on target EBCT. 

Rounded to two significant digits.

Media weight, per vessel 900 8,100 18,000 lb
Calculated based on target EBCT. 

Rounded to two significant digits.

Empty-bed contact time, per vessel 4 4 4 minutes

Vessel diameter 3.0 8.0 12.0 ft Showing two significant digits.

Media bed depth 2.6 3.7 3.7 ft Showing two significant digits.

Hydraulic loading rate 5.0 7.0 6.9 gpm/ft2 Showing two significant digits.

Specific flow rate 0.9 1.7 1.7 gpm/ft3

Estimated footprint, first train 200 2,400 2,900 ft2 Rounded to the nearest 100 ft2.

Estimated footprint, additional train 200 1,200 1,700 ft2 Rounded to the nearest 100 ft2.

Driving lane No Yes Yes --

Pipe gallery No Yes Yes --

Lab and bathroom No Yes Yes --

Estimated footprint, total 400 3,600 16,500 ft2 Rounded to the nearest 100 ft2.

Estimated time to breakthrough 20,000 20,000 20,000 bed volumes
Based on maximum bed volumes treated 

in Ellis et al. (2022).

Estimated changeout frequency 50 50 50 days Rounded down to the nearest 10 days.

# Trucks per event (virgin resin) 1 1 5 -- Rounded to nearest integer.

Alternative 2a - AIX, Incineration



Appendix E: Table 2a - WW Units NotesAlternative 2a - AIX, Incineration

# Trucks per event (spent resin) 1 1 9 --

Assumes spent media is 2x weight after 

use, requiring 2x trucks to remove than 

deliver. Rounded to nearest integer.

Change-out events per year 7.3 7.3 7.3 -- Rounded to two significant digits.

Estimated media usage rate 14,000 120,000 1,200,000 lb/year Rounded to two significant digits.

Estimated media usage rate 0.38 0.33 0.33 lbs/1000-gal Pounds per 1,000 gallons treated.
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Low Middle High

0.1 1 10 MGD

70 700 7000 GPM

Cat. No. ITEM DESCRIPTION UNIT QUANTITY UNIT COST ITEM COST QUANTITY UNIT COST ITEM COST QUANTITY UNIT COST ITEM COST NOTES

A General Conditions LS 1 $78,000 $78,000 1 $995,000 $995,000 1 $6,982,000 $6,982,000 1,2,3,4

B PFAS Separation Equipment LS 1 $122,000 $122,000 1 $1,897,000 $1,897,000 1 $15,293,000 $15,293,000 1,2,3,4

C Piping and Appurtenances LS 1 $61,000 $61,000 1 $949,000 $949,000 1 $7,647,000 $7,647,000 1,2,3,4

D Electrical and Instrumentation/Controls LS 1 $25,000 $25,000 1 $380,000 $380,000 1 $3,059,000 $3,059,000 1,2,3,4

E Treatment Building SF 400 $500 $200,000 3,600 $500 $1,800,000 16,500 $500 $8,250,000 1,2,3,4

F Site Work LS 1 $20,000 $20,000 1 $180,000 $180,000 1 $825,000 $825,000 1,2,3,4

G Installation (Equipment and Piping) LS 1 $92,000 $92,000 1 $1,423,000 $1,423,000 1 $11,470,000 $11,470,000 1,2,3,4

CONSTRUCTION SUBTOTAL $600,000 $7,620,000 $53,530,000 1,2,3,4,5

CONSTRUCTION CONTINGENCY 25% $150,000 25% $1,910,000 25% $13,380,000 1,4,5

ESTIMATED CONSTRUCTION COST $750,000 $9,530,000 $66,910,000 1,2,3,4,5

ESTIMATED TOTAL PROJECT COST $800,000 $9,600,000 $67,000,000 1,2,3,4,6

-30% $600,000 $6,800,000 $46,900,000 4,6

50% $1,200,000 $14,400,000 $100,500,000 4,6

Notes

Municipal Wastewater - Alternative 2a

6 Estimate costs are rounded up to nearest one hundred thousand dollars. Estimate costs are to construct each alternative. The estimated costs do not include planning, engineering and design, permitting, construction administration, maintenance, monitoring or 

additional tasks following construction.

LOW FLOW RATE MIDDLE FLOW RATE HIGH FLOW RATE

ESTIMATED ACCURACY RANGE

1  Limited design work completed.
2  Quantities based on design work completed.
3  Unit prices based on information available at this time.
4  This feasibility-level (Class 5, 0-2% design completion per AACE International Recommended Practice No. 17R-97) cost estimate is based on preliminary designs, quantities and unit prices.  Costs will change with further design.  Time value-of-money escalation 

costs are not included.  Contingency is an allowance for the net sum of costs that will be in the Final Total Project Cost at the time of the completion of design, but are not included at this level of project definition.  The estimated accuracy range for the Total Project 

Cost as the project is defined is -30% to +50%.  The accuracy range is based on professional judgement considering the level of design completed, the complexity of the project and the uncertainties in the project as scoped.  The contingency and the accuracy range 

are not intended to include costs for future scope changes that are not part of the project as currently scoped or costs for risk contingency.  Operation and maintenance costs are not included.
5 Estimate costs are reported to nearest ten thousand dollars.

ENGINEER'S OPINION OF PROBABLE PROJECT COST

Evaluation of Current Alternatives and Estimated Costs for 

PFAS Removal and Destruction from Municipal Wastewater, 

Biosolids, Landfill Leachate, and Compost Contact Water 

Engineer's Opinion of Probable Capital Cost
Total Treatment Flow Rate

Units
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PROJECT:

Evaluation of Current Alternatives and Estimated Costs for PFAS 

Removal and Destruction from Municipal Wastewater, Biosolids, 
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LOCATION: MINNESOTA ISSUED: DRAFT 2 DATE: 12/22/2022

PROJECT #: 23621432 ISSUED: FINAL DATE: 3/24/2023

OPINION OF COST - SUMMARY ISSUED: DATE:

Low Middle High

0.1 1 10 MGD

70 700 7000 GPM

Item Num. Description of O&M Category Unit of Measure
Unit Rate 

(USD/unit)

Annual 

Quantity
Annual Total (USD)

Annual 

Quantity

Annual Total 

(USD)

Annual 

Quantity

Annual Total 

(USD)
Notes

1 VARIABLE COSTS

1.1 UTILITIES 12,000$                   25,000$               153,000$               1

1.1.1 Electricity - Process equipment kWh 0.13$                 11,700 2,000$                       43,500 6,000$                   361,700 49,000$                   1,2

1.1.2 Electricity - Non-process energy load (building power, HVAC, etc.) kWh 0.13$                 63,000 9,000$                       121,800 17,000$                 710,400 95,000$                   1,2

1.1.3 Natural gas - Non-process energy load (heating) MMBTU 15$                   10 1,000$                       130 2,000$                   580 9,000$                     1

1.2 MEDIA REPLACEMENT AND DISPOSAL 218,000$                 1,151,000$         11,096,000$         1

1.2.1 Media Purchase CU FT 320$                 280 90,000$                     2,770 887,000$               27,600 8,832,000$              1

1.2.2 Transportation - New Media Purchase MILE 3.00$                 6,570 20,000$                     6,570 20,000$                 32,900 99,000$                   1

1.2.3 Media disposal - Incineration LB 0.65$                 23,600 16,000$                     233,800 152,000$               2,329,400 1,515,000$              1

1.2.4 Transportation - Media incineration MILE 3.00$                 5,550 17,000$                     5,500 17,000$                 49,900 150,000$                 1

1.2.5 General Conditions - Service Provider - Mobilization TRUCK PER EVENT 5,000$               15 75,000$                     15 75,000$                 100 500,000$                 1

1.3 MAINTENANCE 8,000$                     106,000$            822,000$               1

1.3.1 Process equipment maintenance % equipment 3% 1 7,000$                       1 97,000$                 1 780,000$                 1

1.3.2 General building maintenance sq foot 2.50$                 400 1,000$                       3,600 9,000$                   16,500 42,000$                   1

1.4 ANALYTICAL MONITORING 24,000$                   24,000$               92,000$                 1

1.4.1 Monitoring - Monthly samples SAMPLE+SHIPPING 400$                 60 24,000$                     60 24,000$                 230 92,000$                   1

Item Num. Description of O&M Category Unit of Measure
Annual Salary 

(USD)

Annual 

Quantity
Annual Total (USD)

Annual 

Quantity

Annual Total 

(USD)

Annual 

Quantity

Annual Total 

(USD)
Notes

2 FIXED COSTS

2.1 O&M LABOR

2.1.1 Water Treatment Operator FTE 100,000$           1 100,000$                   1 100,000$               2 200,000$                 1

2.1.2 Shift Maintenance (Mechanical, Electrical) FTE 100,000$           0.5 50,000$                     0.5 50,000$                 1 100,000$                 1

Base Payroll 150,000$                   150,000$               300,000$                 1

Fringe Rate 0.5 75,000$                     75,000$                 150,000$                 1

Total Payroll 225,000$                 225,000$            450,000$               1

ESTIMATED TOTAL ANNUAL OPERATING COSTS 490,000$                 1,600,000$         12,700,000$         3

350,000$                   1,120,000$            8,890,000$              3,4

740,000$                   2,400,000$            19,050,000$            3,4

Unit Cost per 1,000 gallons treated 13.42$                       4.38$                     3.48$                       

Notes

Engineer's Opinion of Probable O&M Cost
Total Treatment Flowrate

Units

ENGINEER'S OPINION OF PROBABLE PROJECT COST

Municipal Wastewater - Alternative 2a - AIX

LOW FLOWRATE MIDDLE FLOWRATE HIGH FLOWRATE

Estimated Uncertainty Range
-30%

Total Workforce

4 Operation and maintenance costs are based on a Class 5 capital cost estimate with a +50/-30% uncertainty as applicable for projects at less than 2% of full project definition per AACE International 17R-97. Operation and maintenance costs are also 

expected to have a +50/-30% uncertainty.

+50%

1 Annual total cost values are rounded up to the nearest thousand USD.
2 Assumed operating 7 days of operation per week, 365 days per year. Adjusted based on flow. Reference: Electric Power Research Institute and Water Research Foundation. Electricity Use and Management in the Municipal Water Supply and Wastewater 

Industries. Report 3002001433. November 2013.

3 Values less than $1 million are rounded to the nearest ten thousand USD, and values greater than or equal to $1 million are rounded up to the nearest one hundred thousand USD.
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Alternative 5a (Modified Clay, Incineration) – Landfill Leachate / 

Compost Contact Water 

  



Appendix E: Table 5a - LL/CCW Units Notes

Waste stream LL/CCW LL/CCW LL/CCW --

Design flow rate 0.00144 0.0144 0.14 MGD

Design flow rate 1 10 100 gpm Rounded to one significant digit.

Flowrate per vessel 1 3 25 gpm

Pressure Vessels

Vessel capacity 3 5 38 ft3

# of lead/lag vessel trains 1 3 4 --

# of vessels 2 6 8 --

Media type Modified Clay Modified Clay Modified Clay --

Media apparent density 46.2 46.2 46.2 lb/ft3

Media volume, per vessel 2 5 34 ft3
Calculated based on target EBCT. 

Rounded to nearest integer.

Media weight, per vessel 93 240 1,600 lb
Calculated based on target EBCT. 

Rounded to two significant digits.

Empty-bed contact time, per vessel 10 10 10 minutes

Vessel diameter 1.2 1.5 3.0 ft Showing two significant digits.

Media bed depth 1.3 2.5 4.7 ft Showing two significant digits.

Hydraulic loading rate 0.9 1.9 3.5 gpm/ft2 Showing two significant digits.

Estimated footprint, first train 50 50 900 ft2

1 and 10 gpm rounded to the nearest 

10 ft2. 100 gpm rounded to the nearest 

100 ft2.

Estimated footprint, additional train 40 40 400 ft2

1 and 10 gpm rounded to the nearest 

10 ft2. 100 gpm rounded to the nearest 

100 ft2.

Driving lane No No Yes --

Pipe gallery No No Yes --

Lab and bathroom No No No --

Alternative 5a - Modified Clay Media, Incineration



Appendix E: Table 5a - LL/CCW Units NotesAlternative 5a - Modified Clay Media, Incineration

Estimated footprint, total 50 130 2,100 ft2

1 and 10 gpm rounded to the nearest 

10 ft2. 100 gpm rounded to the nearest 

100 ft2.

Estimated time to breakthrough - LL

Estimated time to breakthrough 5,000 5,000 5,000 bed volumes

Estimated changeout frequency 30 30 30 days Rounded down to the nearest 10 days.

# Trucks per event (virgin modified clay) 1 1 1 -- Rounded to nearest integer.

# Trucks per event (spent modified clay) 1 1 1 --

Assumes spent media is 2x weight after 

use, requiring 2x trucks to remove than 

deliver. Rounded to nearest integer.

Change-out events per year 13 13 13 -- Rounded to two significant digits.

Estimated media usage rate 1,300 9,400 84,000 lb/year Rounded to two significant digits.

Estimated media usage rate 2.47 1.79 1.60 lbs/1000-gal Pounds per 1,000 gallons treated.

Estimated time to breakthrough - CCW

Estimated time to breakthrough 10,000 10,000 10,000 bed volumes

Estimated changeout frequency 60 60 60 days Rounded down to the nearest 10 days.

# Trucks per event (virgin modified clay) 1 1 1 -- Rounded to nearest integer.

# Trucks per event (spent modified clay) 1 1 1 --

Assumes spent media is 2x weight after 

use, requiring 2x trucks to remove than 

deliver. Rounded to nearest integer.

Change-out events per year 6.1 6.1 6.1 -- Rounded to two significant digits.

Estimated media usage rate 600 4,400 40,000 lb/year Rounded to two significant digits.

Estimated media usage rate 1.14 0.84 0.76 lbs/1000-gal Pounds per 1,000 gallons treated.
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Low Middle High

0.00144 0.0144 0.144 MGD

1 10 100 GPM

Cat. No. ITEM DESCRIPTION UNIT QUANTITY UNIT COST ITEM COST QUANTITY UNIT COST ITEM COST QUANTITY UNIT COST ITEM COST NOTES

A General Conditions LS 1 $13,000 $13,000 1 $28,000 $28,000 1 $262,000 $262,000 1,2,3,4

B PFAS Separation Equipment LS 1 $21,000 $21,000 1 $45,000 $45,000 1 $239,000 $239,000 1,2,3,4

C Piping and Appurtenances LS 1 $11,000 $11,000 1 $23,000 $23,000 1 $120,000 $120,000 1,2,3,4

D Electrical and Instrumentation/Controls LS 1 $5,000 $5,000 1 $9,000 $9,000 1 $48,000 $48,000 1,2,3,4

E Treatment Building SF 50 $500 $25,000 130 $500 $65,000 2,100 $500 $1,050,000 1,2,3,4

F Site Work LS 1 $3,000 $3,000 1 $7,000 $7,000 1 $105,000 $105,000 1,2,3,4

G Installation (Equipment and Piping) LS 1 $16,000 $16,000 1 $34,000 $34,000 1 $180,000 $180,000 1,2,3,4

CONSTRUCTION SUBTOTAL $90,000 $210,000 $2,000,000 1,2,3,4,5

CONSTRUCTION CONTINGENCY 25% $20,000 25% $50,000 25% $500,000 1,4,5

ESTIMATED CONSTRUCTION COST $110,000 $260,000 $2,500,000 1,2,3,4,5

ESTIMATED TOTAL PROJECT COST $200,000 $300,000 $2,500,000 1,2,3,4,6

-30% $200,000 $300,000 $1,800,000 4,6

50% $300,000 $500,000 $3,800,000 4,6

Notes

ENGINEER'S OPINION OF PROBABLE PROJECT COST

Evaluation of Current Alternatives and Estimated Costs for 

PFAS Removal and Destruction from Municipal Wastewater, 

Biosolids, Landfill Leachate, and Compost Contact Water 

Engineer's Opinion of Probable Capital Cost

Landfill Leachate / Compost Contact Water - 

Alternative 5a

4  This feasibility-level (Class 5, 0-2% design completion per AACE International Recommended Practice No. 17R-97) cost estimate is based on preliminary designs, quantities and unit prices.  Costs will change with further design.  Time value-of-money escalation costs 

are not included.  Contingency is an allowance for the net sum of costs that will be in the Final Total Project Cost at the time of the completion of design, but are not included at this level of project definition.  The estimated accuracy range for the Total Project Cost as 

the project is defined is -50% to +50%.  The accuracy range is based on professional judgement considering the level of design completed, the complexity of the project and the uncertainties in the project as scoped.  The contingency and the accuracy range are not 

intended to include costs for future scope changes that are not part of the project as currently scoped or costs for risk contingency.  Operation and maintenance costs are not included.

Units
Total Treatment Flow Rate

5 Estimate costs are reported to nearest ten thousand dollars.
6 Estimate costs are rounded up to nearest one hundred thousand dollars. Estimate costs are to construct each alternative. The estimated costs do not include planning, engineering and design, permitting, construction administration, maintenance, monitoring or 

additional tasks following construction.

LOW FLOW RATE MIDDLE FLOW RATE HIGH FLOW RATE

ESTIMATED ACCURACY RANGE

1  Limited design work completed.
2  Quantities based on design work completed.
3  Unit prices based on information available at this time.
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PROJECT:

Evaluation of Current Alternatives and Estimated Costs for PFAS 
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Low Middle High

0.00144 0.0144 0.144 MGD

1 10 100 GPM

Item Num. Description of O&M Category Unit of Measure
Unit Rate 

(USD/unit)

Annual 

Quantity
Annual Total (USD) Annual Quantity

Annual Total 

(USD)
Annual Quantity

Annual Total 

(USD)
Notes

1 VARIABLE COSTS

1.1 UTILITIES 10,000$                  10,000$              13,000$                1

1.1.1 Electricity - Process equipment kWh 0.13$                8,200 2,000$                      8,700 2,000$                  13,200 2,000$                    1,2

1.1.2 Electricity - Non-process energy load (building power, HVAC, etc.) kWh 0.13$                56,500 8,000$                      57,400 8,000$                  65,900 9,000$                    1,2

1.1.3 Natural gas - Non-process energy load (heating) MMBTU 15$                  0 -$                         0 -$                     70 2,000$                    1

1.2 MEDIA REPLACEMENT AND DISPOSAL 73,000$                  112,000$            470,000$              1

1.2.1 New Media Purchase LB 3.50$                1,300 5,000$                      9,400 33,000$                84,000 294,000$                1

1.2.2 Transportation - New Media Purchase MILE 3.00$                11,700 36,000$                    11,700 36,000$                11,700 36,000$                  1

1.2.3 Media disposal - Incineration LB 0.65$                2,600 2,000$                      18,800 13,000$                168,000 110,000$                1

1.2.4 Transportation - Media incineration MILE 3.00$                9,900 30,000$                    9,900 30,000$                9,900 30,000$                  1

1.2.5 General Conditions - Service Provider - Mobilization TRUCK PER EVENT 5,000$              25 125,000$                  25 125,000$              25 125,000$                1

1.3 MAINTENANCE & MONITORING 3,000$                    4,000$                19,000$                1

1.3.1 Process equipment maintenance % equipment 3% 1 2,000$                      1 3,000$                  1 13,000$                  1

1.3.2 General building maintenance sq foot 2.50$                50 1,000$                      100 1,000$                  2,100 6,000$                    1

1.4 ANALYTICAL MONITORING 16,000$                  36,000$              44,000$                1

1.4.1 Monitoring - Monthly samples SAMPLE+SHIPPING 400$                40 16,000$                    90 36,000$                110 44,000$                  1

Item Num. Description of O&M Category Unit of Measure
Annual Salary 

(USD)

Annual 

Quantity
Annual Total (USD) Annual Quantity

Annual Total 

(USD)
Annual Quantity

Annual Total 

(USD)
Notes

2
FIXED COSTS

2.1 O&M LABOR

2.1.1 Water Treatment Operator FTE 100,000$          0.5 50,000$                    0.5 50,000$                1 100,000$                1

2.1.2 Shift Maintenance (Mechanical, Electrical) FTE 100,000$          0.5 50,000$                    0.5 50,000$                0.5 50,000$                  1

Base Payroll 100,000$                  100,000$              150,000$                1

Fringe Rate 0.5 50,000$                    50,000$                75,000$                  1

Total Payroll 150,000$                150,000$            225,000$              1

ESTIMATED TOTAL ANNUAL OPERATING COSTS 260,000$                320,000$            780,000$              3

190,000$                  230,000$              550,000$                3,4

390,000$                  480,000$              1,170,000$             3,4

Unit Cost per 1,000 gallons treated 495$                         61$                      14.84$                    

Notes

Engineer's Opinion of Probable O&M Cost Units

ENGINEER'S OPINION OF PROBABLE PROJECT COST

Total Treatment Flow Rate

Landfill Leachate - Alternative 5a - Modified Clay

LOW FLOWRATE MIDDLE FLOWRATE HIGH FLOWRATE

Total Workforce

Estimated Uncertainty Range
-30%

+50%

1 Annual total cost values are rounded up to the nearest thousand USD.
2 Assumed operating 7 days of operation per week, 365 days per year. Adjusted based on flow. Reference: Electric Power Research Institute and Water Research Foundation. Electricity Use and Management in the Municipal Water Supply and Wastewater 

Industries. Report 3002001433. November 2013.
3 Values less than $1 million are rounded to the nearest ten thousand USD, and values greater than or equal to $1 million are rounded up to the nearest one hundred thousand USD.
4 Operation and maintenance costs are based on a Class 5 capital cost estimate with a +50/-30% uncertainty as applicable for projects at less than 2% of full project definition per AACE International 17R-97. Operation and maintenance costs are also 

expected to have a +50/-30% uncertainty.
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Low Middle High

0.00144 0.0144 0.144 MGD

1 10 100 GPM

Item Num. Description of O&M Category Unit of Measure
Unit Rate 

(USD/unit)

Annual 

Quantity
Annual Total (USD) Annual Quantity

Annual Total 

(USD)
Annual Quantity

Annual Total 

(USD)
Notes

1 VARIABLE COSTS

1.1 UTILITIES 10,000$                  10,000$              13,000$                1

1.1.1 Electricity - Process equipment kWh 0.13$                8,200 2,000$                      8,700 2,000$                  13,200 2,000$                    1,2

1.1.2 Electricity - Non-process energy load (building power, HVAC, etc.) kWh 0.13$                56,500 8,000$                      57,400 8,000$                  65,900 9,000$                    1,2

1.1.3 Natural gas - Non-process energy load (heating) MMBTU 15$                  0 -$                         0 -$                     70 2,000$                    1

1.2 MEDIA REPLACEMENT AND DISPOSAL 34,000$                  53,000$              219,000$              1

1.2.1 New Media Purchase LB 3.50$                570 2,000$                      4,400 16,000$                39,000 137,000$                1

1.2.2 Transportation - New Media Purchase MILE 3.00$                5,500 17,000$                    5,500 17,000$                5,500 17,000$                  1

1.2.3 Media disposal - Incineration LB 0.65$                1,100 1,000$                      8,800 6,000$                  78,000 51,000$                  1

1.2.4 Transportation - Media incineration MILE 3.00$                4,600 14,000$                    4,600 14,000$                4,600 14,000$                  1

1.2.5 General Conditions - Service Provider - Mobilization TRUCK PER EVENT 5,000$              10 50,000$                    10 50,000$                10 50,000$                  1

1.3 MAINTENANCE & MONITORING 3,000$                    4,000$                19,000$                1

1.3.1 Process equipment maintenance % equipment 3% 1 2,000$                      1 3,000$                  1 13,000$                  1

1.3.2 General building maintenance sq foot 2.50$                50 1,000$                      100 1,000$                  2,100 6,000$                    1

1.4 ANALYTICAL MONITORING 16,000$                  36,000$              44,000$                1

1.4.1 Monitoring - Monthly samples SAMPLE+SHIPPING 400$                40 16,000$                    90 36,000$                110 44,000$                  1

Item Num. Description of O&M Category Unit of Measure
Annual Salary 

(USD)

Annual 

Quantity
Annual Total (USD) Annual Quantity

Annual Total 

(USD)
Annual Quantity

Annual Total 

(USD)
Notes

2
FIXED COSTS

2.1 O&M LABOR

2.1.1 Water Treatment Operator FTE 100,000$          0.5 50,000$                    0.5 50,000$                1 100,000$                1

2.1.2 Shift Maintenance (Mechanical, Electrical) FTE 100,000$          0.5 50,000$                    0.5 50,000$                0.5 50,000$                  1

Base Payroll 100,000$                  100,000$              150,000$                1

Fringe Rate 0.5 50,000$                    50,000$                75,000$                  1

Total Payroll 150,000$                150,000$            225,000$              1

ESTIMATED TOTAL ANNUAL OPERATING COSTS 220,000$                260,000$            520,000$              3

160,000$                  190,000$              370,000$                3,4

330,000$                  390,000$              780,000$                3,4

Unit Cost per 1,000 gallons treated 419$                         49$                      9.89$                      

Notes

Engineer's Opinion of Probable O&M Cost

ENGINEER'S OPINION OF PROBABLE PROJECT COST

Total Treatment Flow Rate

Compost Contact Water - Alternative 5a - Modified Clay

LOW FLOWRATE MIDDLE FLOWRATE HIGH FLOWRATE

Total Workforce

Units

2 Assumed operating 7 days of operation per week, 365 days per year. Adjusted based on flow. Reference: Electric Power Research Institute and Water Research Foundation. Electricity Use and Management in the Municipal Water Supply and Wastewater 

Industries. Report 3002001433. November 2013.
3 Values less than $1 million are rounded to the nearest ten thousand USD, and values greater than or equal to $1 million are rounded up to the nearest one hundred thousand USD.
4 Operation and maintenance costs are based on a Class 5 capital cost estimate with a +50/-30% uncertainty as applicable for projects at less than 2% of full project definition per AACE International 17R-97. Operation and maintenance costs are also 

expected to have a +50/-30% uncertainty.

Estimated Uncertainty Range
-30%

+50%

1 Annual total cost values are rounded up to the nearest thousand USD.
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Appendix E: Table 6a - WW Units Notes

Waste stream Wastewater Wastewater Wastewater --

Design flow rate 0.1 1 10 MGD

Design flow rate 70 700 7,000 gpm Rounded to one significant digit.

Pressure Vessels (GAC)

Vessel capacity 6,000 20,000 60,000 lb

# of lead/lag vessel trains 1 3 9 --

# of vessels 2 6 18 --

Media type 12x40 12x40 12x40 -- Reagglomerated, coal-based GAC.

Media apparent density 0.54 0.54 0.54 g/cm3

Media volume, per vessel 150 470 1,600 ft3
Calculated based on target EBCT. 

Rounded to two significant digits.

Media weight, per vessel 5,100 16,000 54,000 lb
Calculated based on target EBCT. 

Rounded to two significant digits.

Empty-bed contact time, per vessel 15 15 15 minutes

Vessel diameter 6 8 14 ft Showing two significant digits.

Media bed depth 5 9 10 ft Showing two significant digits.

Hydraulic loading rate 2.5 4.6 5.1 gpm/ft2 Showing two significant digits.

Estimated footprint, first train 800 2,400 3,300 ft2 Rounded to the nearest 100 ft2.

Estimated footprint, additional train 600 1,300 2,100 ft2 Rounded to the nearest 100 ft2.

Driving lane No Yes Yes --

Pipe gallery No Yes Yes --

Lab and bathroom No Yes Yes --

Estimated footprint, total (GAC) 800 5,000 20,100 ft2 Rounded to the nearest 100 ft2.

Pressure Vessels (Single Use AIX)

Vessel capacity 38 201 450 ft3

# of lead/lag vessel trains 2 2 9 --

# of vessels 4 4 18 --

Media type AIX Resin AIX Resin AIX Resin -- Polystyrenic gel.

Media apparent density 42.2 42.2 42.2 lb/ft3

Alternative 6a - GAC, AIX, Incineration



Appendix E: Table 6a - WW Units NotesAlternative 6a - GAC, AIX, Incineration

Media volume, per vessel 19 190 420 ft3
Calculated based on target EBCT. 

Rounded to two significant digits.

Media weight, per vessel 900 8,100 18,000 lb
Calculated based on target EBCT. 

Rounded to two significant digits.

Empty-bed contact time, per vessel 4 4 4 minutes

Vessel diameter 3 8 12 ft

Media bed depth 3 4 4 ft

Hydraulic loading rate 5.0 7.0 6.9 gpm/ft2

Specific flowrate 0.9 1.7 1.7 gpm/ft3

Estimated footprint, first train 500 900 1200 ft2 Rounded to the nearest 100 ft2.

Estimated footprint, additional train 400 700 1000 ft2 Rounded to the nearest 100 ft2.

Estimated footprint, total (AIX) 900 1,600 9,200 ft2 Rounded to the nearest 100 ft2.

Combined footprint, total 1,700 6,600 30,000 ft2 Rounded to the nearest 100 ft2.

Estimated time to breakthrough, GAC 10,000 10,000 10,000 bed volumes
Based on modelled breakthrough of PFBS 

at 5 ng/L.

Estimated changeout frequency, GAC 100 100 100 days Rounded down to the nearest 10 days.

# Trucks per event (virgin GAC) 1 2 13 -- Rounded to nearest integer.

# Trucks per event (spent GAC) 1 3 25 --

Assumes spent media is 2x weight after 

use, requiring 2x trucks to remove than 

deliver. Rounded to nearest integer.

Change-out events per year 3.7 3.7 3.7 -- Rounded to two significant digits.

Estimated media usage rate, GAC 22,000 220,000 2,000,000 lbs/year Rounded to two significant digits.

Estimated media usage rate, GAC 0.60 0.60 0.55 lbs/1000-gal Pounds per 1,000 gallons treated.

Estimated time to breakthrough, AIX 140,000 140,000 140,000 bed volumes
Based on the maximum bed volumes 

treated in Ellis et al. (2022).

Estimated changeout frequency, AIX 380 380 380 days Rounded down to the nearest 10 days.

# Trucks per event (virgin resin) 1 1 5 -- Rounded to nearest integer.



Appendix E: Table 6a - WW Units NotesAlternative 6a - GAC, AIX, Incineration

# Trucks per event (spent resin) 1 1 9 --

Assumes spent media is 2x weight after 

use, requiring 2x trucks to remove than 

deliver. Rounded to nearest integer.

Change-out events per year 1 1 1 -- Rounded to one significant digit.

Estimated media usage rate, AIX 1,800 16,000 160,000 lb/year Rounded to two significant digits.

Estimated media usage rate 0.049 0.044 0.044 lbs/1000-gal Pounds per 1,000 gallons treated.
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Low Middle High

0.1 1 10 MGD

70 700 7000 GPM

Cat. No. ITEM DESCRIPTION UNIT QUANTITY UNIT COST ITEM COST QUANTITY UNIT COST ITEM COST QUANTITY UNIT COST ITEM COST NOTES

A General Conditions LS 1 $303,000 $303,000 1 $1,722,000 $1,722,000 1 $11,906,000 $11,906,000 1,2,3,4

B PFAS Separation Equipment LS 1 $442,000 $442,000 1 $3,203,000 $3,203,000 1 $25,661,000 $25,661,000 1,2,3,4

C Piping and Appurtenances LS 1 $221,000 $221,000 1 $1,602,000 $1,602,000 1 $12,831,000 $12,831,000 1,2,3,4

D Electrical and Instrumentation/Controls LS 1 $89,000 $89,000 1 $641,000 $641,000 1 $5,133,000 $5,133,000 1,2,3,4

E Treatment Building SF 1,700 $500 $850,000 6,600 $500 $3,300,000 30,000 $500 $15,000,000 1,2,3,4

F Site Work LS 1 $85,000 $85,000 1 $330,000 $330,000 1 $1,500,000 $1,500,000 1,2,3,4

G Installation (Equipment and Piping) LS 1 $332,000 $332,000 1 $2,403,000 $2,403,000 1 $19,246,000 $19,246,000 1,2,3,4

CONSTRUCTION SUBTOTAL $2,320,000 $13,200,000 $91,280,000 1,2,3,4,5

CONSTRUCTION CONTINGENCY 25% $580,000 25% $3,300,000 25% $22,820,000 1,4,5

ESTIMATED CONSTRUCTION COST $2,900,000 $16,500,000 $114,100,000 1,2,3,4,5

ESTIMATED TOTAL PROJECT COST $2,900,000 $16,500,000 $114,100,000 1,2,3,4,6

-30% $2,100,000 $11,600,000 $79,900,000 4,6

50% $4,400,000 $24,800,000 $171,200,000 4,6

Notes

Municipal Wastewater - Alternative 6a

6 Estimate costs are rounded up to nearest one hundred thousand dollars. Estimate costs are to construct each alternative. The estimated costs do not include planning, engineering and design, permitting, construction administration, maintenance, monitoring or 

additional tasks following construction.

LOW FLOW RATE MIDDLE FLOW RATE HIGH FLOW RATE

ESTIMATED ACCURACY RANGE

1  Limited design work completed.
2  Quantities based on design work completed.
3  Unit prices based on information available at this time.
4  This feasibility-level (Class 5, 0-2% design completion per AACE International Recommended Practice No. 17R-97) cost estimate is based on preliminary designs, quantities and unit prices.  Costs will change with further design.  Time value-of-money escalation costs 

are not included.  Contingency is an allowance for the net sum of costs that will be in the Final Total Project Cost at the time of the completion of design, but are not included at this level of project definition.  The estimated accuracy range for the Total Project Cost as 

the project is defined is -30% to +50%.  The accuracy range is based on professional judgement considering the level of design completed, the complexity of the project and the uncertainties in the project as scoped.  The contingency and the accuracy range are not 

intended to include costs for future scope changes that are not part of the project as currently scoped or costs for risk contingency.  Operation and maintenance costs are not included.
5 Estimate costs are reported to nearest ten thousand dollars.

ENGINEER'S OPINION OF PROBABLE PROJECT COST

Evaluation of Current Alternatives and Estimated Costs for 

PFAS Removal and Destruction from Municipal Wastewater, 

Biosolids, Landfill Leachate, and Compost Contact Water 

Engineer's Opinion of Probable Capital Cost
Total Treatment Flow Rate

Units
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Low Middle High

0.1 1 10 MGD

70 700 7000 GPM

Item Num. Description of O&M Category Unit of Measure
Unit Rate 

(USD/unit)

Annual 

Quantity
Annual Total (USD) Annual Quantity

Annual Total 

(USD)
Annual Quantity

Annual Total 

(USD)
Notes

1 VARIABLE COSTS

1.1 UTILITIES 12,000$                   27,000$               161,000$               1

1.1.1 Electricity - Process equipment kWh 0.13$                 11,700 2,000$                       43,500 6,000$                   361,700 49,000$                   1,2

1.1.2 Electricity - Non-process energy load (building power, HVAC, etc.) kWh 0.13$                 63,000 9,000$                       121,800 17,000$                 710,400 95,000$                   1,2

1.1.3 Natural gas - Non-process energy load (heating) MMBTU 15$                   60 1,000$                       230 4,000$                   1,100 17,000$                   1

1.2 MEDIA REPLACEMENT AND DISPOSAL 151,000$                 1,140,000$         6,431,000$           1

1.2.1 New Media Purchase - GAC LB 2.50$                 22,200 56,000$                     222,000 555,000$               0 -$                        1

1.2.2 Transportation - New Media Purchase - GAC MILE 3.00$                 3,300 10,000$                     6,700 21,000$                 0 -$                        1

1.2.3 Media disposal - Incineration - GAC LB 0.65$                 44,400 29,000$                     444,000 289,000$               0 -$                        1

1.2.4 Transportation - Media incineration - GAC MILE 3.00$                 2,800 9,000$                       8,400 26,000$                 0 -$                        1

1.2.5 New Media Purchase - AIX CU FT 320$                 40 13,000$                     380 122,000$               3,800 1,216,000$              1

1.2.6 Transportation - New Media Purchase - AIX MILE 3.00$                 900 3,000$                       900 3,000$                   4,500 14,000$                   1

1.2.7 Media disposal - Incineration - AIX LB 0.65$                 3,400 3,000$                       32,100 21,000$                 320,700 209,000$                 1

1.2.8 Transportation - Media incineration - AIX MILE 3.00$                 760 3,000$                       760 3,000$                   6,800 21,000$                   1

1.2.9 Media disposal - Reactivation (Destruction + Media) LB 2.00$                 0 -$                          0 -$                      1,998,000 3,996,000$              1

1.2.10 Transportation - Media reactivation MILE 3.00$                 0 -$                          0 -$                      166,500 500,000$                 1

1.2.11 General Conditions - Service Provider - Mobilization - GAC TRUCK PER EVENT 5,000$               5 25,000$                     20 100,000$               95 475,000$                 1

1.2.12 General Conditions - Service Provider - Mobilization - AIX TRUCK PER EVENT 5,000$               2 10,000$                     2 10,000$                 15 75,000$                   1

1.3 MAINTENANCE & MONITORING 28,000$                   181,000$            1,384,000$           1

1.3.1 Process equipment maintenance % equipment 3% 1 23,000$                     1 164,000$               1 1,309,000$              1

1.3.2 General building maintenance sq foot 2.50$                 1,700 5,000$                       6,600 17,000$                 30,000 75,000$                   1

1.4 ANALYTICAL MONITORING 40,000$                   60,000$               184,000$               1

1.4.1 Monitoring - Monthly samples SAMPLE+SHIPPING 400$                 100 40,000$                     150 60,000$                 460 184,000$                 1

Item Num. Description of O&M Category Unit of Measure
Annual Salary 

(USD)

Annual 

Quantity
Annual Total (USD) Annual Quantity

Annual Total 

(USD)
Annual Quantity

Annual Total 

(USD)
Notes

2
FIXED COSTS

2.1 O&M LABOR

2.1.1 Water Treatment Operator FTE 100,000$           1 100,000$                   1 100,000$               2 200,000$                 1

2.1.2 Shift Maintenance (Mechanical, Electrical) FTE 100,000$           0.5 50,000$                     0.5 50,000$                 1 100,000$                 1

Base Payroll 150,000$                   150,000$               300,000$                 1

Fringe Rate 0.5 75,000$                     75,000$                 150,000$                 1

Total Payroll 225,000$                 225,000$            450,000$               1

ESTIMATED TOTAL ANNUAL OPERATING COSTS 460,000$                 1,700,000$         8,700,000$           3

330,000$                   1,190,000$            6,100,000$              3,4

690,000$                   2,550,000$            13,100,000$            3,4

Unit Cost per 1,000 gallons treated 12.60$                       4.66$                     2.38$                       

Notes

Engineer's Opinion of Probable O&M Cost
Total Treatment Flow Rate

Units

ENGINEER'S OPINION OF PROBABLE PROJECT COST

Municipal Wastewater - Alternative 6a - GAC+AIX

LOW FLOWRATE MIDDLE FLOWRATE HIGH FLOWRATE

Estimated Uncertainty Range
-30%

Total Workforce

4 Operation and maintenance costs are based on a Class 5 capital cost estimate with a +50/-30% uncertainty as applicable for projects at less than 2% of full project definition per AACE International 17R-97. Operation and maintenance costs are also 

expected to have a +50/-30% uncertainty.

+50%

1 Annual total cost values are rounded up to the nearest thousand USD.
2 Assumed operating 7 days of operation per week, 365 days per year. Adjusted based on flow. Reference: Electric Power Research Institute and Water Research Foundation. Electricity Use and Management in the Municipal Water Supply and Wastewater 

Industries. Report 3002001433. November 2013.
3 Values less than $1 million are rounded to the nearest ten thousand USD, and values greater than or equal to $1 million are rounded up to the nearest one hundred thousand USD.
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Alternative 6b (RO, GAC, AIX, Incineration) – Municipal Wastewater 

  



Appendix E: Table 6b - WW Units Notes

Waste stream Wastewater Wastewater Wastewater --

Design flow rate 0.1 1 10 MGD

Design flow rate 70 700 7,000 gpm Rounded to one significant digit.

Membranes

Recovery 85% 85% 85% % Assumed.

# of skids 1 1 7 --

Membrane type RO RO RO --

# Elements 18 156 1,554 --

Flux 16 16 16 gfd gfd = gallons per sq. ft. per day.

Concentrate management flow rate 0.02 0.2 1.5 MGD

Concentrate management flow rate 20 110 1,100 gpm Rounded to two significant digits.

Estimated footprint, total (membranes) 600 700 3,500 ft2

Pressure Vessels (GAC)

Vessel capacity 750 6,000 20,000 lb

# of lead/lag vessel trains 2 2 4 --

# of vessels 4 4 8 --

Media type 12x40 12x40 12x40 -- Reagglomerated, coal-based GAC.

Media apparent density 0.54 0.54 0.54 g/cm3

Media volume, per vessel 21 120 560 ft3
Calculated based on target EBCT. 

Rounded to two significant digits.

Media weight, per vessel 710 4,100 19,000 lb
Calculated based on target EBCT. 

Rounded to two significant digits.

Empty-bed contact time, per vessel 15 15 15 minutes

Vessel diameter 2.0 6.0 12 ft Showing two significant digits.

Media bed depth 6.4 3.9 4.9 ft Showing two significant digits.

Hydraulic loading rate 3.2 1.9 2.4 gpm/ft2 Showing two significant digits.

Estimated footprint, first train 200 2,200 3000 ft2 Rounded to the nearest 100 ft2.

Estimated footprint, additional train 100 1,000 1800 ft2 Rounded to the nearest 100 ft2.

Driving lane No Yes Yes --

Alternative 6b - RO, Conc. to GAC and AIX, 

Incineration



Appendix E: Table 6b - WW Units Notes
Alternative 6b - RO, Conc. to GAC and AIX, 

Incineration

Pipe gallery No Yes Yes --

Lab and bathroom No Yes Yes --

Estimated footprint, total (GAC) 300 3,200 8,400 ft2 Rounded to the nearest 100 ft2.

Pressure Vessels (AIX)

Vessel capacity 5 38 201 ft3

# of lead/lag vessel trains 3 2 3 --

# of vessels 6 4 6 --

Media type AIX Resin AIX Resin AIX Resin -- Polystyrenic gel.

Media apparent density 42.2 42.2 42.2 lb/ft3

Media volume, per vessel 4 30 200 ft3
Calculated based on target EBCT. 

Rounded to one significant digit.

Media weight, per vessel 170 1,300 8,500 lb
Calculated based on target EBCT. 

Rounded to two significant digits.

Empty-bed contact time, per vessel 4 4 4 minutes

Vessel diameter 1.5 3 8 ft

Media bed depth 2 4 4 ft

Hydraulic loading rate 3.8 7.8 7.3 gpm/ft2

Specific flowrate 1.3 1.4 1.8 gpm/ft3

Estimated footprint, first train 50 200 900 ft2

70 gpm rounded to the nearest 10 ft2. 

700 and 7,000 gpm rounded to the 

nearest 100 ft2.

Estimated footprint, additional train 40 200 700 ft2

70 gpm rounded to the nearest 10 ft2. 

700 and 7,000 gpm rounded to the 

nearest 100 ft2.

Estimated footprint, total 130 400 2,300 ft2

70 gpm rounded to the nearest 10 ft2. 

700 and 7,000 gpm rounded to the 

nearest 100 ft2.

Combined footprint, total 1,100 4,300 14,200 ft2 Rounded to the nearest 100 ft2.



Appendix E: Table 6b - WW Units Notes
Alternative 6b - RO, Conc. to GAC and AIX, 

Incineration

Estimated time to breakthrough, GAC 8,100 8,100 8,100 bed volumes
Based on the modelled breakthrough of 

PFBS at 5 ng/L.

Estimated changeout frequency, GAC 80 80 80 days Rounded down to the nearest 10 days.

# Trucks per event (dry GAC) 1 1 2 -- Rounded to nearest integer.

# Trucks per event (wet GAC) 1 1 4 --

Assumes spent media is 2x weight after 

use, requiring 2x trucks to remove than 

deliver. Rounded to nearest integer.

Change-out events per year 4.6 4.6 4.6 -- Rounded to two significant digits.

Estimated media usage rate, GAC 6,900 55,000 370,000 lbs/year Rounded to two significant digits.

Estimated media usage rate, GAC 0.19 0.151 0.101 lbs/1000-gal Pounds per 1,000 gallons treated.

Estimated time to breakthrough, AIX 140,000 140,000 140,000 bed volumes
Based on the maximum bed volumes 

treated in Ellis et al. (2022).

Estimated changeout frequency, AIX 380 380 380 days Rounded down to the nearest 10 days.

# Trucks per event (virgin resin) 1 1 1 -- Rounded to nearest integer.

# Trucks per event (spent resin) 1 1 2 --

Assumes spent media is 2x weight after 

use, requiring 2x trucks to remove than 

deliver. Rounded to nearest integer.

Change-out events per year 1 1 1 -- Rounded to one significant digit.

Estimated media usage rate, AIX 490 2,500 25,000 lb/year Rounded to two significant digits.

Estimated media usage rate 0.013 0.007 0.007 lbs/1000-gal Pounds per 1,000 gallons treated.
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APPROVED BY: KMB DATE: 3/20/2023

PROJECT:

ISSUED: DRAFT 1 DATE: 11/11/2022

LOCATION: MINNESOTA ISSUED: DRAFT 2 DATE: 12/22/2022

PROJECT #: 23621432 ISSUED: FINAL DATE: 3/24/2023

OPINION OF COST - SUMMARY ISSUED: DATE:

Low Medium High

0.1 1 10 MGD

70 700 7000 GPM

Cat. No. ITEM DESCRIPTION UNIT QUANTITY UNIT COST ITEM COST QUANTITY UNIT COST ITEM COST QUANTITY UNIT COST ITEM COST NOTES

A General Conditions LS 1 $263,000 $263,000 1 $1,018,000 $1,018,000 1 $9,819,000 $9,819,000 1,2,3,4

B PFAS Separation Equipment LS 1 $467,000 $467,000 1 $1,804,000 $1,804,000 1 $23,530,000 $23,530,000 1,2,3,4

C Piping and Appurtenances LS 1 $234,000 $234,000 1 $902,000 $902,000 1 $11,765,000 $11,765,000 1,2,3,4

D Electrical and Instrumentation/Controls LS 1 $94,000 $94,000 1 $361,000 $361,000 1 $4,706,000 $4,706,000 1,2,3,4

E Treatment Building SF 1,100 $500 $550,000 4,300 $500 $2,150,000 14,200 $500 $7,100,000 1,2,3,4

F Site Work LS 1 $55,000 $55,000 1 $215,000 $215,000 1 $710,000 $710,000 1,2,3,4

G Installation (Equipment and Piping) LS 1 $351,000 $351,000 1 $1,353,000 $1,353,000 1 $17,648,000 $17,648,000 1,2,3,4

CONSTRUCTION SUBTOTAL $2,010,000 $7,800,000 $75,280,000 1,2,3,4,5

CONSTRUCTION CONTINGENCY 25% $500,000 25% $1,950,000 25% $18,820,000 1,4,5

ESTIMATED CONSTRUCTION COST $2,510,000 $9,750,000 $94,100,000 1,2,3,4,5

ESTIMATED TOTAL PROJECT COST $2,600,000 $9,800,000 $94,100,000 1,2,3,4,6

-30% $1,900,000 $6,900,000 $65,900,000 4,6

50% $3,900,000 $14,700,000 $141,200,000 4,6

Notes

Municipal Wastewater - Alternative 6b

6 Estimate costs are rounded up to nearest one hundred thousand dollars. Estimate costs are to construct each alternative. The estimated costs do not include planning, engineering and design, permitting, construction administration, maintenance, monitoring or 

additional tasks following construction.

LOW FLOW RATE MIDDLE FLOW RATE HIGH FLOW RATE

ESTIMATED ACCURACY RANGE

1  Limited design work completed.
2  Quantities based on design work completed.
3  Unit prices based on information available at this time.
4  This feasibility-level (Class 5, 0-2% design completion per AACE International Recommended Practice No. 17R-97) cost estimate is based on preliminary designs, quantities and unit prices.  Costs will change with further design.  Time value-of-money escalation costs 

are not included.  Contingency is an allowance for the net sum of costs that will be in the Final Total Project Cost at the time of the completion of design, but are not included at this level of project definition.  The estimated accuracy range for the Total Project Cost as 

the project is defined is -30% to +50%.  The accuracy range is based on professional judgement considering the level of design completed, the complexity of the project and the uncertainties in the project as scoped.  The contingency and the accuracy range are not 

intended to include costs for future scope changes that are not part of the project as currently scoped or costs for risk contingency.  Operation and maintenance costs are not included.

5 Estimate costs are reported to nearest ten thousand dollars.

ENGINEER'S OPINION OF PROBABLE PROJECT COST

Evaluation of Current Alternatives and Estimated Costs for 

PFAS Removal and Destruction from Municipal Wastewater, 

Biosolids, Landfill Leachate, and Compost Contact Water 

Engineer's Opinion of Probable Capital Cost
Total Treatment Flow Rate

Units
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PROJECT:

Evaluation of Current Alternatives and Estimated Costs for PFAS 

Removal and Destruction from Municipal Wastewater, Biosolids, 

Landfill Leachate, and Compost Contact Water ISSUED: DRAFT 1 DATE: 11/11/2022

LOCATION: MINNESOTA ISSUED: DRAFT 2 DATE: 12/22/2022

PROJECT #: 23621432 ISSUED: FINAL DATE: 3/24/2023

OPINION OF COST - SUMMARY ISSUED: DATE:

Low Middle High

0.1 1 10 MGD

70 700 7000 GPM

Item Num. Description of O&M Category Unit of Measure
Unit Rate 

(USD/unit)

Annual 

Quantity
Annual Total (USD) Annual Quantity

Annual Total 

(USD)
Annual Quantity

Annual Total 

(USD)
Notes

1 VARIABLE COSTS

1.1 UTILITIES 34,000$                    249,000$             2,381,000$            1

1.1.1 Electricity - Process equipment kWh 0.13$                 179,200 24,000$                     1,719,000 229,000$               17,113,000 2,278,000$              1,2

1.1.2 Electricity - Non-process energy load (building power, HVAC, etc.) kWh 0.13$                 63,000 9,000$                       121,800 17,000$                 710,400 95,000$                   1,2

1.1.3 Natural gas - Non-process energy load (heating) MMBTU 15$                    40 1,000$                       150 3,000$                   500 8,000$                     1

1.2 MEDIA REPLACEMENT AND DISPOSAL 112,000$                  314,000$             1,994,000$            1

1.2.1 New Media Purchase - GAC LB 2.50$                 6,900 18,000$                     55,200 138,000$               0 -$                         1

1.2.2 Transportation - New Media Purchase - GAC MILE 3.00$                 4,100 13,000$                     4,100 13,000$                 0 -$                         1

1.2.3 Media disposal - Incineration - GAC LB 0.65$                 13,800 9,000$                       110,400 72,000$                 0 -$                         1

1.2.4 Transportation - Media incineration - GAC MILE 3.00$                 3,500 11,000$                     3,500 11,000$                 0 -$                         1

1.2.5 New Media Purchase - AIX CU FT 320$                  10 4,000$                       60 20,000$                 2,800 896,000$                 1

1.2.6 Transportation - New Media Purchase - AIX MILE 3.00$                 900 3,000$                       900 3,000$                   900 3,000$                     1

1.2.7 Media disposal - Incineration - AIX LB 0.65$                 840 1,000$                       5,100 4,000$                   236,300 154,000$                 1

1.2.8 Transportation - Media incineration - AIX MILE 3.00$                 760 3,000$                       760 3,000$                   1,500 5,000$                     1

1.2.9 Media disposal - Reactivation (Destruction + Media) LB 2.00$                 0 -$                           0 -$                      368,000 736,000$                 1

1.2.10 Transportation - Media reactivation MILE 3.00$                 0 -$                           0 -$                      33,100 100,000$                 1

1.2.11 General Conditions - Service Provider - Mobilization - GAC TRUCK PER EVENT 5,000$               10 50,000$                     10 50,000$                 20 100,000$                 1

1.2.12 General Conditions - Service Provider - Mobilization - AIX TRUCK PER EVENT 5,000$               2 10,000$                     2 10,000$                 5 25,000$                   1

1.3 RO CONSUMABLES 55,000$                    463,000$             4,617,000$            1

1.3.1 Antiscalant LB 10$                    670 7,000$                       6,700 67,000$                 67,000 670,000$                 1

1.3.2 Clean-in-place Chemicals LB 2$                      21,600 44,000$                     187,500 375,000$               1,867,000 3,730,000$              1

1.3.3 RO Element Replacement (5-year Replacement) Element 700$                  5 4,000$                       30 21,000$                 310 217,000$                 1

1.4 MAINTENANCE & MONITORING 27,000$                    104,000$             1,237,000$            1

1.4.1 Process equipment maintenance % equipment 3% 1 24,000$                     1 93,000$                 1 1,201,000$              1

1.4.2 General building maintenance sq foot 2.50$                 1,100 3,000$                       4,300 11,000$                 14,200 36,000$                   1

1.5 ANALYTICAL MONITORING 68,000$                    60,000$               88,000$                  1

1.5.1 Monitoring - Monthly samples SAMPLE+SHIPPING 400$                  170 68,000$                     150 60,000$                 220 88,000$                   1

Item Num. Description of O&M Category Unit of Measure
Annual Salary 

(USD)

Annual 

Quantity
Annual Total (USD) Annual Quantity

Annual Total 

(USD)
Annual Quantity

Annual Total 

(USD)
Notes

2
FIXED COSTS

2.1 O&M LABOR

2.1.1 Water Treatment Operator FTE 100,000$           2 200,000$                   2 200,000$               4 400,000$                 1

2.1.2 Shift Maintenance (Mechanical, Electrical) FTE 100,000$           1 100,000$                   1 100,000$               2 200,000$                 1

Base Payroll 300,000$                   300,000$               600,000$                 1

Fringe Rate 0.5 150,000$                   150,000$               300,000$                 1

Total Payroll 450,000$                  450,000$             900,000$               1

ESTIMATED TOTAL ANNUAL OPERATING COSTS 750,000$                  1,700,000$          11,300,000$          3

530,000$                   1,190,000$            8,000,000$              3,4

1,130,000$                 2,550,000$            16,950,000$            3,4

Unit Cost per 1,000 gallons treated 20.55$                       4.66$                     3.10$                       

Notes

Engineer's Opinion of Probable O&M Cost
Total Treatment Flow Rate

Units

ENGINEER'S OPINION OF PROBABLE PROJECT COST

Municipal Wastewater - Alternative 6b - RO+GAC+AIX

LOW FLOWRATE MIDDLE FLOWRATE HIGH FLOWRATE

Estimated Uncertainty Range
-30%

Total Workforce

4 Operation and maintenance costs are based on a Class 5 capital cost estimate with a +50/-30% uncertainty as applicable for projects at less than 2% of full project definition per AACE International 17R-97. Operation and maintenance costs are also expected 

to have a +50/-30% uncertainty.

+50%

1 Annual total cost values are rounded up to the nearest thousand USD.

2 Assumed operating 7 days of operation per week, 365 days per year. Adjusted based on flow. Reference: Electric Power Research Institute and Water Research Foundation. Electricity Use and Management in the Municipal Water Supply and Wastewater 

Industries. Report 3002001433. November 2013.

3 Values less than $1 million are rounded to the nearest ten thousand USD, and values greater than or equal to $1 million are rounded up to the nearest one hundred thousand USD.
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Alternative 8a (Foam Fractionation, Incineration) – Landfill Leachate 

/ Compost Contact Water 

  



Appendix E: Table 8a - LL/CCW Units Notes

Waste stream LL/CCW LL/CCW LL/CCW --

Design flow rate 0.0014 0.014 0.14 MGD

Design flow rate 1,440 14,400 144,000 GPD

Design flow rate 1 10 100 gpm

Expected foamate flow rate 0.0014 0.014 0.144 GPD

Expected foamate flow rate 0.000001 0.00001 0.0001 gpm

Foam Fractionation Equipment

# of package systems 1 1 1 --

Primary fractionation vessels 2 2 4 --

Secondary fractionation vessels 1 1 2 --

Lab and bathroom No No No

Estimated footprint, total 1,000 1,000 1,000 ft2 Rounded to the nearest 100 ft2.

Alternative 8a - Foam Fractionation w/ Incineration
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PROJECT:

ISSUED: DRAFT 1 DATE: 11/11/2022
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OPINION OF COST - SUMMARY ISSUED: DATE:

Low Middle High

0.00144 0.0144 0.144 MGD

1 10 100 GPM

Cat. No. ITEM DESCRIPTION UNIT QUANTITY UNIT COST ITEM COST QUANTITY UNIT COST ITEM COST QUANTITY UNIT COST ITEM COST NOTES

A General Conditions LS 1 $742,000 $742,000 1 $742,000 $742,000 1 $883,000 $883,000 1,2,3,4

B PFAS Separation Equipment LS 1 $1,792,000 $1,792,000 1 $1,792,000 $1,792,000 1 $2,176,000 $2,176,000 1,2,3,4

C Piping and Appurtenances LS 1 $896,000 $896,000 1 $896,000 $896,000 1 $1,088,000 $1,088,000 1,2,3,4

D Electrical and Instrumentation/Controls LS 1 $359,000 $359,000 1 $359,000 $359,000 1 $436,000 $436,000 1,2,3,4

E Treatment Building SF 1,000 $500 $500,000 1,000 $500 $500,000 1,000 $500 $500,000 1,2,3,4

F Site Work LS 1 $50,000 $50,000 1 $50,000 $50,000 1 $50,000 $50,000 1,2,3,4

G Installation (Equipment and Piping) LS 1 $1,344,000 $1,344,000 1 $1,344,000 $1,344,000 1 $1,632,000 $1,632,000 1,2,3,4

CONSTRUCTION SUBTOTAL $5,680,000 $5,680,000 $6,770,000 1,2,3,4,5

CONSTRUCTION CONTINGENCY 25% $1,420,000 25% $1,420,000 25% $1,690,000 1,4,5

ESTIMATED CONSTRUCTION COST $7,100,000 $7,100,000 $8,460,000 1,2,3,4,5

ESTIMATED TOTAL PROJECT COST $7,100,000 $7,100,000 $8,500,000 1,2,3,4,6

-30% $5,000,000 $5,000,000 $6,000,000 4,6

50% $10,700,000 $10,700,000 $12,800,000 4,6

Notes

6 Estimate costs are rounded up to nearest one hundred thousand dollars. Estimate costs are to construct each alternative. The estimated costs do not include planning, engineering and design, permitting, construction administration, maintenance, monitoring or 

1  Limited design work completed.
2  Quantities based on design work completed.
3  Unit prices based on information available at this time.
4  This feasibility-level (Class 5, 0-2% design completion per AACE International Recommended Practice No. 17R-97) cost estimate is based on preliminary designs, quantities and unit prices.  Costs will change with further design.  Time value-of-money escalation 

costs are not included.  Contingency is an allowance for the net sum of costs that will be in the Final Total Project Cost at the time of the completion of design, but are not included at this level of project definition.  The estimated accuracy range for the Total 

Project Cost as the project is defined is -30% to +50%.  The accuracy range is based on professional judgement considering the level of design completed, the complexity of the project and the uncertainties in the project as scoped.  The contingency and the 

accuracy range are not intended to include costs for future scope changes that are not part of the project as currently scoped or costs for risk contingency.  Operation and maintenance costs are not included.

5 Estimate costs are reported to nearest ten thousand dollars.

ENGINEER'S OPINION OF PROBABLE PROJECT COST

Evaluation of Current Alternatives and Estimated Costs for 

PFAS Removal and Destruction from Municipal Wastewater, 

Biosolids, Landfill Leachate, and Compost Contact Water 

Engineer's Opinion of Probable Capital Cost Units

Landfill Leachate / Compost Contact Water - 

Alternative 8a
LOW FLOW RATE MIDDLE FLOW RATE HIGH FLOW RATE

ESTIMATED ACCURACY RANGE

Total Treatment Flow Rate
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PROJECT:

Evaluation of Current Alternatives and Estimated Costs for PFAS 

Removal and Destruction from Municipal Wastewater, Biosolids, 

Landfill Leachate, and Compost Contact Water ISSUED: DRAFT 1 DATE: 11/11/2022

LOCATION: MINNESOTA ISSUED: DRAFT 2 DATE: 12/22/2022

PROJECT #: 23621432 ISSUED: FINAL DATE: 3/24/2023

OPINION OF COST - SUMMARY ISSUED: DATE:

Low Middle High

0.00144 0.0144 0.144 MGD

1 10 100 GPM

Item Num. Description of O&M Category Unit of Measure
Unit Rate 

(USD/unit)

Annual 

Quantity

Annual Total 

(USD)

Annual 

Quantity

Annual Total 

(USD)

Annual 

Quantity

Annual Total 

(USD)
Notes

1 VARIABLE COSTS

1.1 UTILITIES 2,000$                4,000$                23,000$              1

1.1.1 Electricity - Combined process and non-process energy load kWh 0.13$               2,000 1,000$                 16,000 3,000$                 159,000 22,000$               1,2

1.1.2 Natural gas - Non-process energy load (heating) MMBTU 15$                  40 1,000$                 40 1,000$                 40 1,000$                 1

1.2 CONCENTRATE AND RESIDUAL DISPOSAL 9,000$                9,000$                9,000$                1

1.2.1 Concentrate and residual disposal - Incineration LB 0.65$               10 1,000$                 50 1,000$                 440 1,000$                 1

1.2.2 Transportation - Concentrate or residual disposal MILE 3.00$               760 3,000$                 760 3,000$                 760 3,000$                 1

1.2.3 General Conditions - Service Provider - Mobilization TRUCK PER EVENT 5,000$             1 5,000$                 1 5,000$                 1 5,000$                 1

1.3 MISC CONSUMABLES 5,000$                5,000$                9,000$                1

1.3.1 Bag/Cartridge Filters 50-ct 750$                5 4,000$                 5 4,000$                 5 4,000$                 1

1.3.2 Chemical Feed LB 5$                    10 1,000$                 90 1,000$                 900 5,000$                 1

1.4 MAINTENANCE 95,000$              95,000$              114,000$            1

1.4.1 Process equipment maintenance % equipment 3% 1 92,000$               1 92,000$               1 111,000$             1

1.4.2 General building maintenance sq foot 2.50$               1,000 3,000$                 1,000 3,000$                 1,000 3,000$                 1

1.5 ANALYTICAL MONITORING 16,000$              16,000$              16,000$              1

1.5.1 Monitoring - Monthly samples SAMPLE+SHIPPING 400$                40 16,000$               40 16,000$               40 16,000$               1

Item Num. Description of O&M Category Unit of Measure
Annual Salary 

(USD)

Annual 

Quantity

Annual Total 

(USD)

Annual 

Quantity

Annual Total 

(USD)

Annual 

Quantity

Annual Total 

(USD)
Notes

2
FIXED COSTS

2.1 O&M LABOR

2.1.1 Water Treatment Operator FTE 100,000$         0.5 50,000$               0.5 50,000$               0.5 50,000$               1

2.1.2 Shift Maintenance (Mechanical, Electrical) FTE 100,000$         0.5 50,000$               0.5 50,000$               0.5 50,000$               1

Base Payroll 100,000$             100,000$             100,000$             1

Fringe Rate 0.5 50,000$               50,000$               50,000$               1

Total Payroll 150,000$            150,000$            150,000$            1

ESTIMATED TOTAL ANNUAL OPERATING COSTS 280,000$            280,000$            330,000$            3

200,000$             200,000$             240,000$             3,4

420,000$             420,000$             500,000$             3,4

Unit Cost per 1,000 gallons treated 533$                    53$                      6.28$                   

Notes

Engineer's Opinion of Probable O&M Cost Units

ENGINEER'S OPINION OF PROBABLE PROJECT COST

Total Treatment Flow Rate

Landfill Leachate & Compost Contact Water - 

Alternative 8a - Foam Fractionation

LOW FLOWRATE MIDDLE FLOWRATE HIGH FLOWRATE

2 Assumed operating 7 days of operation per week, 365 days per year. Adjusted based on flow. Reference: Burns, D. J., Hinrichsen, H. M., Stevenson, P., & Murphy, P. J. C. (2022). Commercial-scale remediation of per- and polyfluoroalkyl 

substances from a landfill leachate catchment using Surface-Active Foam Fractionation (SAFF). Remediation Journal, 32, 139–150.
3 Values less than $1 million are rounded to the nearest ten thousand USD, and values greater than or equal to $1 million are rounded up to the nearest one hundred thousand USD.

4 Operation and maintenance costs are based on a Class 5 capital cost estimate with a +50/-30% uncertainty as applicable for projects at less than 2% of full project definition per AACE International 17R-97. Operation and maintenance 

costs are also expected to have a +50/-30% uncertainty.

Estimated Uncertainty Range
-30%

+50%

1 Annual total cost values are rounded up to the nearest thousand USD.

Total Workforce
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Pyrolysis / Gasification – Municipal Wastewater Biosolids 

  



Appendix E: Table 1 Solids Units Notes

Waste stream Solids Solids Solids --

Design flow rate 4 9 15 MGD

Biosolids industry standard: 1 mgd of 

influent flow produces 6 -7 dry ton/day of 

digested sludge.

Wet solids production rate 8 21 36 wet metric tons/day 25% total solids.

Dry solids production rate 2 6 10 dry US tons/day

Number of dryers 1 1 1 --

Type of dryer Paddle Paddle Belt Dried product is 90% TS from each dryer.

Evaporation rate 560 1400 2400 lb water/hr

Pyrolysis unit capacity 3 3 10 dry US tons/day

Number of pyrolysis units 1 2 1 units

Dryer footprint 3,600 4,800 9,600 ft2

Pyrolysis footprint 200 400 400 ft2

Lab and bathroom Yes Yes Yes --

Estimated footprint, total 5,300 7,000 13,000 ft2 Rounded to the nearest 100 ft2.

Alternative Solids - Pyrolysis/Gasification



PREPARED BY: HAZEN on behalf of SHEET: 1 OF 1

BARR ENGINEERING COMPANY BY: HAZEN DATE: 10/10/2022

CHECKED BY: ALL DATE: 12/12/2022

APPROVED BY: HAZEN DATE: 3/15/2023

PROJECT:
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OPINION OF COST - SUMMARY ISSUED: DATE:

Low Middle High

2 6 10 dry US ton/day

4 9 15 MGD

Cat. No. ITEM DESCRIPTION UNIT QUANTITY UNIT COST ITEM COST QUANTITY UNIT COST ITEM COST QUANTITY UNIT COST ITEM COST NOTES

A General Conditions LS 1 $3,213,000 $3,213,000 1 $5,146,000 $5,146,000 1 $7,894,000 $7,894,000 1,2,3,4

B PFAS Destruction Equipment LS 1 $7,552,000 $7,552,000 1 $12,429,000 $12,429,000 1 $18,560,000 $18,560,000 1,2,3,4

C Piping and Appurtenances LS 1 $3,776,000 $3,776,000 1 $6,215,000 $6,215,000 1 $9,280,000 $9,280,000 1,2,3,4

D Electrical and Instrumentation/Controls LS 1 $1,511,000 $1,511,000 1 $2,486,000 $2,486,000 1 $3,712,000 $3,712,000 1,2,3,4

E Treatment Building SF 5,300 $500 $2,650,000 7,000 $500 $3,500,000 13,000 $500 $6,500,000 1,2,3,4

F Site Work LS 1 $265,000 $265,000 1 $350,000 $350,000 1 $650,000 $650,000 1,2,3,4

G Installation (Equipment and Piping) LS 1 $5,664,000 $5,664,000 1 $9,322,000 $9,322,000 1 $13,920,000 $13,920,000 1,2,3,4

CONSTRUCTION SUBTOTAL $24,630,000 $39,450,000 $60,520,000 1,2,3,4,5

CONSTRUCTION CONTINGENCY 25% $6,160,000 25% $9,860,000 25% $15,130,000 1,4,5

ESTIMATED CONSTRUCTION COST $30,790,000 $49,310,000 $75,650,000 1,2,3,4,5

ESTIMATED TOTAL PROJECT COST $30,800,000 $49,400,000 $75,700,000 1,2,3,4,6

-30% $21,600,000 $34,600,000 $53,000,000 4,6

50% $46,200,000 $74,100,000 $113,600,000 4,6

Notes

Municipal Biosolids - Pyrolysis/Gasification

6 Estimate costs are rounded up to nearest one hundred thousand dollars. Estimate costs are to construct each alternative. The estimated costs do not include planning, engineering and design, permitting, construction administration, maintenance, monitoring or 

additional tasks following construction.

LOW FLOW RATE MIDDLE FLOW RATE HIGH FLOW RATE

ESTIMATED ACCURACY RANGE

1  Limited design work completed.
2  Quantities based on design work completed.
3  Unit prices based on information available at this time.
4  This feasibility-level (Class 5, 0-2% design completion per AACE International Recommended Practice No. 17R-97) cost estimate is based on preliminary designs, quantities and unit prices.  Costs will change with further design.  Time value-of-money escalation costs 

are not included.  Contingency is an allowance for the net sum of costs that will be in the Final Total Project Cost at the time of the completion of design, but are not included at this level of project definition.  The estimated accuracy range for the Total Project Cost as 

the project is defined is -30% to +50%.  The accuracy range is based on professional judgement considering the level of design completed, the complexity of the project and the uncertainties in the project as scoped.  The contingency and the accuracy range are not 

intended to include costs for future scope changes that are not part of the project as currently scoped or costs for risk contingency.  Operation and maintenance costs are not included.

5 Estimate costs are reported to nearest ten thousand dollars.

ENGINEER'S OPINION OF PROBABLE PROJECT COST

Evaluation of Current Alternatives and Estimated Costs for 

PFAS Removal and Destruction from Municipal Wastewater, 

Biosolids, Landfill Leachate, and Compost Contact Water 

Engineer's Opinion of Probable Capital Cost
Total Treatment Flow Rate

Units
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PROJECT:
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Removal and Destruction from Municipal Wastewater, Biosolids, 
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Low Middle High

2.3 5.8 10.0 US dry ton/day

Item Num. Description of O&M Category Unit of Measure
Unit Rate 

(USD/unit)

Annual 

Quantity
Annual Total (USD)

Annual 

Quantity

Annual Total 

(USD)

Annual 

Quantity

Annual Total 

(USD)
Notes

1 VARIABLE COSTS

1.1 UTILITIES 123,000$               220,000$           386,000$             1

1.1.1 Electricity - process equipment kWh 0.13$               252,300 34,000$                   636,200 85,000$               1,097,000 147,000$               1,2

1.1.2 Electricity - Non-process energy load (building power, HVAC, etc.) kWh 0.13$               259,600 35,000$                   342,800 46,000$               636,600 85,000$                1

1.1.3 Natural gas - Non-process energy load (heating) MMBTU 15.33$             190 3,000$                     250 4,000$                460 8,000$                  1,2

1.1.4 Natural gas - Process fuel MMBTU 15.33$             3,300 51,000$                   5,500 85,000$               9,500 146,000$               1

1.2 RESIDUALS DISPOSAL 1,000$                   2,000$               4,000$                 1

1.2.1 Biochar management and disposal tons 100$               10 1,000$                     20 2,000$                40 4,000$                  1

1.3 MAINTENANCE 38,000$                 81,000$             144,000$             1

1.3.1 Process equipment maintenance, including materials dry tons 30$                 800 24,000$                   2,100 63,000$               3,700 111,000$               1

1.3.2 General building maintenance sq foot 2.50$               5,300 14,000$                   7,000 18,000$               13,000 33,000$                1

1.4 ANALYTICAL MONITORING 12,000$                 12,000$             12,000$               1

1.4.1 Monitoring - Monthly samples SAMPLE 400$               30 12,000$                   30 12,000$               30 12,000$                1

Item Num. Description of O&M Category Unit of Measure
Annual Salary 

(USD)

Annual 

Quantity
Annual Total (USD)

Annual 

Quantity

Annual Total 

(USD)

Annual 

Quantity

Annual Total 

(USD)
Notes

2
FIXED COSTS

2.1 O&M LABOR

2.1.1 Water Treatment Operator FTE 100,000$         0.25 25,000$                   0.75 75,000$               1 100,000$               1

2.1.2 Shift Maintenance (Mechanical, Electrical) FTE 100,000$         0.25 25,000$                   0.5 50,000$               0.5 50,000$                1

Base Payroll 50,000$                   125,000$             150,000$               1

Fringe Rate 0.5 25,000$                   62,500$               75,000$                1

Total Payroll 75,000$                 188,000$           225,000$             1

ESTIMATED TOTAL ANNUAL OPERATING COSTS 250,000$               510,000$           780,000$             3

180,000$                 360,000$             550,000$               3,4

380,000$                 770,000$             1,170,000$            3,4

Unit Cost per dry ton treated 298$                      241$                  214$                    

Notes

Engineer's Opinion of Probable O&M Cost
Total Treatment Flow Rate

Units

ENGINEER'S OPINION OF PROBABLE PROJECT COST

Municipal Biosolids - Pyrolysis/Gasification

LOW FLOWRATE MIDDLE FLOWRATE HIGH FLOWRATE

Total Workforce

2 Assumed operating 7 days of operation per week, 365 days per year. Adjusted based on vendor-provided electricity consumption. 
3 Values less than $1 million are rounded to the nearest ten thousand USD, and values greater than or equal to $1 million are rounded up to the nearest one hundred thousand USD.
4 Operation and maintenance costs are based on a Class 5 capital cost estimate with a +50/-30% uncertainty as applicable for projects at less than 2% of full project definition per AACE International 17R-97. Operation and maintenance costs are 

also expected to have a +50/-30% uncertainty.

Estimated Uncertainty Range
-30%

+50%

1 Annual total cost values are rounded up to the nearest thousand USD.
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Appendix E: Table 2 Solids Units Notes

Waste stream Solids Solids Solids --

Design flow rate 2 8 15 MGD

Biosolids industry standard: 1 mgd of 

influent flow produces 6 -7 dry ton/day of 

digested sludge.

Wet solids production rate 6 30 60 wet metric tons/day 15% total solids.

Dry solids production rate 1 5 10 dry US tons/day

SCWO unit capacity 1 5 5 dry US tons/day

Number of units 1 1 2 --

Lab and bathroom Yes Yes Yes --

Estimated footprint, total 1,500 2,200 3,800 ft2 Rounded to the nearest 100 ft2.

Alternative Solids - SCWO
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OPINION OF COST - SUMMARY ISSUED: DATE:

Low Mid High

1 5 10 Dry US ton/day

2 8 15 MGD

Cat. No. ITEM DESCRIPTION UNIT QUANTITY UNIT COST ITEM COST QUANTITY UNIT COST ITEM COST QUANTITY UNIT COST ITEM COST NOTES

A General Conditions LS 1 $1,213,000 $1,213,000 1 $2,955,000 $2,955,000 1 $5,909,000 $5,909,000 1,2,3,4

B PFAS Destruction Equipment LS 1 $3,188,000 $3,188,000 1 $7,668,000 $7,668,000 1 $15,335,000 $15,335,000 1,2,3,4

C Piping and Appurtenances LS 1 $1,594,000 $1,594,000 1 $3,834,000 $3,834,000 1 $7,668,000 $7,668,000 1,2,3,4

D Electrical and Instrumentation/Controls LS 1 $638,000 $638,000 1 $1,534,000 $1,534,000 1 $3,067,000 $3,067,000 1,2,3,4

E Treatment Building SF 500 $500 $250,000 1,650 $500 $825,000 3,300               $500 $1,650,000 1,2,3,4

F Site Work LS 1 $25,000 $25,000 1 $83,000 $83,000 1 $165,000 $165,000 1,2,3,4

G Installation (Equipment and Piping) LS 1 $2,391,000 $2,391,000 1 $5,751,000 $5,751,000 1 $11,502,000 $11,502,000 1,2,3,4

CONSTRUCTION SUBTOTAL $9,300,000 $22,650,000 $45,300,000 1,2,3,4,5

CONSTRUCTION CONTINGENCY 25% $2,330,000 25% $5,660,000 25% $11,330,000 1,4,5

ESTIMATED CONSTRUCTION COST $11,630,000 $28,310,000 $56,630,000 1,2,3,4,5

ESTIMATED TOTAL PROJECT COST $11,700,000 $28,400,000 $56,700,000 1,2,3,4,6

-30% $8,200,000 $19,900,000 $39,700,000 4,6

50% $17,600,000 $42,600,000 $85,100,000 4,6

Notes

MIDDLE FLOW RATE HIGH FLOW RATE

ENGINEER'S OPINION OF PROBABLE PROJECT COST

Evaluation of Current Alternatives and Estimated Costs for 

PFAS Removal and Destruction from Municipal Wastewater, 

Biosolids, Landfill Leachate, and Compost Contact Water 

Engineer's Opinion of Probable Capital Cost
Total Treatment Flow Rate

Units

Municipal Biosolids - SCWO

ESTIMATED ACCURACY RANGE

LOW FLOW RATE

5 Estimate costs are reported to nearest ten thousand dollars.
6 Estimate costs are rounded up to nearest one hundred thousand dollars. Estimate costs are to construct each alternative. The estimated costs do not include planning, engineering and design, permitting, construction administration, maintenance, monitoring or 

1  Limited design work completed.
2  Quantities based on design work completed.
3  Unit prices based on information available at this time.
4  This feasibility-level (Class 5, 0-2% design completion per AACE International Recommended Practice No. 17R-97) cost estimate is based on preliminary designs, quantities and unit prices.  Costs will change with further design.  Time value-of-money escalation 

costs are not included.  Contingency is an allowance for the net sum of costs that will be in the Final Total Project Cost at the time of the completion of design, but are not included at this level of project definition.  The estimated accuracy range for the Total Project 

Cost as the project is defined is -30% to +50%.  The accuracy range is based on professional judgement considering the level of design completed, the complexity of the project and the uncertainties in the project as scoped.  The contingency and the accuracy 

range are not intended to include costs for future scope changes that are not part of the project as currently scoped or costs for risk contingency.  Operation and maintenance costs are not included.
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Landfill Leachate, and Compost Contact Water ISSUED: DRAFT 1 DATE: NA

LOCATION: MINNESOTA ISSUED: DRAFT 2 DATE: 12/22/2022
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OPINION OF COST - SUMMARY ISSUED: DATE:

Low Middle High

1 5 10 US dry ton/day

Item Num. Description of O&M Category Unit of Measure
Unit Rate 

(USD/unit)

Annual 

Quantity
Annual Total (USD) Annual Quantity

Annual Total 

(USD)
Annual Quantity

Annual Total 

(USD)
Notes

1 VARIABLE COSTS

1.1 UTILITIES 22,000$                   5,000$                 10,000$                 1

1.1.1 Electricity - Process equipment kWh 0.13$                109,500 15,000$                    -109,500 (15,000)$               -219,000 (30,000)$                 1,2

1.1.2 Electricity - Non-process energy load (building power, HVAC, etc.) kWh 0.13$                24,500 4,000$                      80,800 11,000$                161,600 22,000$                  1

1.1.3 Natural gas - Non-process energy load (heating) MMBTU 15.33$              20 1,000$                      60 1,000$                  120 2,000$                    1,2

1.1.4 Natural gas - Start-up fuel MBTU/hr 15.33$              100 2,000$                      520 8,000$                  1,040 16,000$                  1

1.2 RESIDUALS DISPOSAL -$                        2,000$                 4,000$                   1

1.2.1 Ash management and disposal tons 100$                0 -$                         20 2,000$                  40 4,000$                    1

1.3 MISC Consumables 500$                        2,900$                 5,800$                   1

1.3.1 Chemical feed tons 145$                4 500$                         20 2,900$                  40 5,800$                    1

1.4 MAINTENANCE 98,000$                   236,000$             470,000$               1

1.4.1 Process equipment maintenance, including materials % equipment 3% 1 96,000$                    1 231,000$              1 461,000$                1

1.4.2 General building maintenance sq foot 2.50$                500 2,000$                      1,700 5,000$                  3,300 9,000$                    1

1.5 ANALYTICAL MONITORING 12,000$                   12,000$               12,000$                 1

1.5.1 Monitoring - Monthly samples SAMPLE 400$                30 12,000$                    30 12,000$                30 12,000$                  1

Item Num. Description of O&M Category Unit of Measure
Annual Salary 

(USD)

Annual 

Quantity
Annual Total (USD) Annual Quantity

Annual Total 

(USD)
Annual Quantity

Annual Total 

(USD)
Notes

2
FIXED COSTS

2.1 O&M LABOR

2.1.1 Water Treatment Operator FTE 100,000$          0.25 25,000$                    0.25 25,000$                0.5 50,000$                  1

2.1.2 Shift Maintenance (Mechanical, Electrical) FTE 100,000$          0.25 25,000$                    0.25 25,000$                0.5 50,000$                  1

Base Payroll 50,000$                    50,000$                100,000$                1

Fringe Rate 0.5 25,000$                    25,000$                50,000$                  1

Total Payroll 75,000$                   75,000$               150,000$               1

ESTIMATED TOTAL ANNUAL OPERATING COSTS 210,000$                 340,000$             660,000$               3

150,000$                  240,000$              470,000$                3,4

320,000$                  510,000$              990,000$                3,4

Unit Cost per dry ton treated 575$                        186$                    181$                      

Notes
1 Annual total cost values are rounded up to the nearest thousand USD.
2 Assumed operating 7 days of operation per week, 365 days per year. Adjusted based on vendor-provided electricity consumption and generation. 
3 Values less than $1 million are rounded to the nearest ten thousand USD, and values greater than or equal to $1 million are rounded up to the nearest one hundred thousand USD.
4 Operation and maintenance costs are based on a Class 5 capital cost estimate with a +50/-30% uncertainty as applicable for projects at less than 2% of full project definition per AACE International 17R-97. Operation and maintenance costs are also 

expected to have a +50/-30% uncertainty.

Engineer's Opinion of Probable O&M Cost
Total Treatment Flow Rate

Units

ENGINEER'S OPINION OF PROBABLE PROJECT COST

Municipal Biosolids - SCWO

LOW FLOWRATE MIDDLE FLOWRATE HIGH FLOWRATE

Estimated Uncertainty Range
-30%

+50%

Total Workforce
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Per- and polyfluoroalkyl substances (PFASs) comprise a
class of chemicals that has attracted much attention since

the early 2000s, when the hazards and ubiquitous occurrence
of two PFASsperfluorooctanoic acid (PFOA) and perfluor-
ooctanesulfonic acid (PFOS)were reported. Early commu-
nications used multiple terms such as “per- and polyfluorinated
chemicals”, “perfluorinated organics”, “perfluorochemical
surfactants”, and “highly fluorinated compounds”. In 2011, to
harmonize communication, Buck et al.1 published a milestone
paper, providing the first clear structural definition of PFASs
and recommendations on the names and acronyms for over
200 individual PFASs. Since then, research and regulation has
expanded from PFOA and PFOS to a much wider range of
substances.
In 2018, the so-called “Global PFC Group” led by the

Organisation for Economic Co-operation and Development
(OECD) and the United Nations Environment Programme
(UNEP) published a list of over 4700 PFASs that contain a
−CnF2n− (n ≥ 3) or −CnF2nOCmF2m− (n and m ≥ 1) moiety
and that were known or likely to have been on the global

market.2 The list included substances that contain fully
fluorinated carbon moieties, but do not meet the PFAS
definition in Buck et al. (2011) due to a lack of a −CF3 group
in the molecule. Additionally, recent advancement of non-
targeted analytical techniques enabled identification of many
unknown PFASs in environmental and product samples. These
developments provided motivation to reconcile the terminol-
ogy of the PFAS universe, including a renewed look at the
PFAS definition.
Against this backdrop, a report on the terminology of PFASs

was recently published under the framework of the Global PFC
Group.3 This report reflects a three-year multistakeholder
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international effort in reviewing the universe and terminology
of PFASs to provide recommendations and practical guidance.
We encourage stakeholders from academia, civil society,
industry, and government to read the report and consider
adopting its recommendations, wherever feasible, to help
enable the coherent and consistent use of PFAS terminology
across sectors and around the world. This Viewpoint provides
an overview of the report.

■ A REVISED PFAS DEFINITION

The report details four major limitations with the previous
definition in representing the PFAS universe: (1) omission of
substances that have functional groups on both ends of the
fully fluorinated carbon moiety (e.g., perfluoroalkyldicarboxylic
acids); (2) inconsistencies in dealing with homologues that are
fully fluorinated aliphatic cyclic compounds with or without a
fully fluorinated alkyl side chain; (3) omission of substances
with aromatic ring(s) in the nonfluorinated functional
group(s) that can be cleaved in the environment and biota;
and (4) use of the ambiguous term “highly fluorinated”.
To address these concerns, the report presents a revised,

broadly inclusive PFAS definition: “PFASs are def ined as

f luorinated substances that contain at least onefully fluorinated
methyl or methylene carbon atom (without any H/Cl/Br/I
atom attached to it), i.e., with a few noted exceptions, any
chemical with at least a perf luorinated methyl group (−CF3) or a
perf luorinated methylene group (−CF2−) is a PFAS”. The
“noted exceptions” refer to a carbon atom with a H/Cl/Br/I
atom attached to it.
The rationale behind the revision is to have a coherent and

consistent definition across compounds from the view of the
chemical structure. The new definition was required to be
easily implementable for distinguishing between PFASs and
non-PFASs, and easily understood by experts and nonexperts
alike. Figure 1 illustrates examples that are, and are not, PFASs.
This revised definition captures the broadness of the PFAS
universe, ranging from small molecules, to more complex
aromatics with a perfluorinated methyl/methylene group on
the side chain(s), to diverse polymers.
Building on the revised definition, the report further

provides (1) an explanation of how PFASs relate to other
organofluorine compounds, (2) a comprehensive overview of
known PFAS groups and their structural traits, including
examples and notes on whether common names and acronyms

Figure 1. Examples of substances that are, and are not, PFASs based on the new definition.
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exist, and (3) some common synthesis routes of individual or
groups of PFASs.

■ PRACTICAL GUIDANCE ON HOW TO USE THE
PFAS TERMINOLOGY

The report highlights the need to distinguish between the
general definition and user-specific working scopes of PFASs.
The general definition is based on molecular structure alone
and serves as a starting and reference point to guide individual
users to have a comprehensive understanding of the scale and
diversity of chemicals in the PFAS universe. Meanwhile, users
may define their own working scope of PFASs for specific
activities according to their specific needs by combining the
general definition with additional considerations (e.g., specific
properties, use areas). When such a working scope of PFASs is
used, the report recommends that respective users clearly
provide the context and rationale for selecting their working
scope to ensure transparency and avoid confusion by others.
The report further recommends using and building upon

existing common terminologies such as in Buck et al. (2011)
and well-defined common practices in organic chemistry,
unless it is essential to deviate from them, to keep the
consistent and coherent use of the PFAS terminology. As
PFASs are a chemical class with diverse molecular structures
and thus properties, it is recommended to properly recognize
and communicate such diversity in a clear, specific and
descriptive manner.

■ A SYSTEMATIC MOLECULAR STRUCTURE-BASED
APPROACH TO CHARACTERIZING PFASS

When users define their own working scope of PFASs, they
need to determine whether a compound falls or does not fall
into their working scope. However, given the complexity and
diversity of PFASs, it can be a challenging task to characterize
and categorize PFASs based on chemical structures in a
coherent and consistent manner, particularly for nonexperts.
Different users may have different construction of working
scopes, and there is no single categorization/grouping system
that suits all. Therefore, the report provides a standardized
approach for systematically characterizing PFASs based on
molecular structural traits that will allow stakeholders to make
their own categorization in a coherent and consistent manner.
This system can be used to manually characterize and
categorize PFASs, but the approach could also be used as
inputs for developing automated cheminformatic tools.4

■ FUTURE WORK ON PFAS TERMINOLOGY
Four areas are recognized for further work to facilitate clear
and unambiguous communication: (1) a centralized PFAS
nomenclature database/platform; (2) development of chem-
informatic tools for automated, structure-based systematic
characterizaing and categorizing of PFASs; (3) work on the
characterization and reporting of polymers; and (4) work on
organofluorine compounds not currently defined as PFASs,
including many fluorinated aromatics.
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circular economy, and strengthening science-policy interface on
chemicals and waste.
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Title 40 —Protection of Environment
Chapter I —Environmental Protection Agency
Subchapter R —Toxic Substances Control Act
Part 705 —Reporting and Recordkeeping Requirements for Certain Per- and Polyfluoroalkyl

Substances
Authority: 15 U.S.C. 2607(a)(7).
Source: 88 FR 70548, Oct. 11, 2023, unless otherwise noted.

§ 705.3 Definitions.

The definitions in this section and the definitions in TSCA section 3 apply to this part. In addition, the definitions in
40 CFR 704.3 also apply to this part, except the definition for small quantities solely for research and development.

This content is from the eCFR and is authoritative but unofficial.

Article means a manufactured item which:

(1) Is formed to a specific shape or design during manufacture;

(2) Has end use function(s) depending in whole or in part upon its shape or design during end use; and

(3) Has either no change of chemical composition during its end use or only those changes of
composition which have no commercial purpose separate from that of the article, and that result
from a chemical reaction that occurs upon end use of other chemical substances, mixtures, or
articles; except that fluids and particles are not considered articles regardless of shape or design.

Central Data Exchange or CDX means EPA's centralized electronic submission receiving system.

Chemical Information Submission System or CISS means EPA's electronic, web-based reporting tool for the
completion and submission of data, reports, and other information, or its successors.

Commercial use means the use of a chemical substance or a mixture containing a chemical substance
(including as part of an article) in a commercial enterprise providing saleable goods or services.

Consumer use means the use of a chemical substance or a mixture containing a chemical substance (including
as part of an article) when sold to or made available to consumers for their use.

Environmental or health effects information means any information of any effect of a chemical substance or
mixture containing a chemical substance on health or the environment or on both. This includes all health
and safety studies.

(1) Not only is information that arises as a result of a formal, disciplined study included, but other
information relating to the effects of a chemical substance or mixture containing a chemical
substance on health or the environment is also included. Any information that bears on the effects
of a chemical substance on health or the environment would be included.

(2) Examples are:

(i) Long- and short-term tests of mutagenicity, carcinogenicity, or teratogenicity; data on behavioral
disorders; dermatoxicity; pharmacological effects; mammalian absorption, distribution,
metabolism, and excretion; cumulative, additive, and synergistic effects; and acute, subchronic,
and chronic effects.

40 CFR 705.3 (up to date as of 2/14/2025)
Definitions. 40 CFR 705.3 (Feb. 14, 2025)
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(ii) Tests for ecological or other environmental effects on invertebrates, fish, or other animals, and
plants, including acute toxicity tests, chronic toxicity tests, critical life-stage tests, behavioral
tests, algal growth tests, seed germination tests, plant growth or damage tests, microbial
function tests, bioconcentration or bioaccumulation tests, and model ecosystem (microcosm)
studies.

(iii) Assessments of human and environmental exposure, including workplace exposure, and
impacts of a particular chemical substance or mixture containing a chemical substance on the
environment, including surveys, tests, and studies of: Biological, photochemical, and chemical
degradation; structure/activity relationships; air, water, and soil transport; biomagnification and
bioconcentration; and chemical and physical properties, e.g., boiling point, vapor pressure,
evaporation rates from soil and water, octanol/water partition coefficient, and water solubility.

(iv) Monitoring data, including but not limited to when they have been aggregated and analyzed to
measure the exposure of humans or the environment to a chemical substance or mixture
containing a chemical substance.

Health and safety studies means any study of any effect of a chemical substance or mixture on health or the
environment or on both, including underlying information and epidemiological studies, studies of
occupational exposure to a chemical substance or mixture, toxicological, clinical, and ecological studies
of a chemicals substance or mixture containing a chemical substance, and any test performed under
TSCA. The following information is not part of a health and safety study:

(1) The name, address, or other identifying information for the submitting company, including
identification of the laboratory that conducted the study in cases where the laboratory is part of or
closely affiliated with the submitting company;

(2) Internal product codes (i.e., code names for the test substance used internally by the submitting
company or to identify the test substance to the test laboratory);

(3) Names and contact details for testing laboratory personnel and names and other private information
for health and safety study participants or persons involved in chemical incidents such as would
typically be withheld under 5 U.S.C. 552(b)(6) or under other privacy laws; and

(4) Information pertaining to test substance product development, advertising, or marketing plans, or to
cost and other financial data.

Highest-level U.S. parent company means the highest-level company of the site's ownership hierarchy as of the
start of the submission period during which data are being reported according to the following
instructions. The highest-level U.S. parent company is located within the United States. The following
rules govern how to identify the highest-level U.S. parent company:

(1) If the site is entirely owned by a single U.S. company that is not owned by another company, that
single company is the U.S. parent company.

(2) If the site is entirely owned by a single U.S. company that is, itself, owned by another U.S.-based
company (e.g., it is a division or subsidiary of a higher-level company), the highest-level domestic
company in the ownership hierarchy is the U.S. parent company.

(3) If the site is owned by more than one company (e.g., company A owns 40 percent, company B owns
35 percent, and company C owns 25 percent), the company with the largest ownership interest in the
site is the U.S. parent company. If a higher-level company in the ownership hierarchy owns more than

40 CFR 705.3 (up to date as of 2/14/2025)
Definitions.
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one ownership company, then determine the entity with the largest ownership by considering the
lower-level ownerships in combination (e.g., corporation X owns companies B and C, for a total
ownership of 60 percent for the site).

(4) If the site is owned by a 50:50 joint venture or a cooperative, the joint venture or cooperative is its
own parent company. If the site is owned by a U.S. joint venture or cooperative, the highest level of
the joint venture or cooperative is the U.S. parent company.

(5) If the site is federally owned, the highest-level Federal agency or department is the U.S. parent
company.

(6) If the site is owned by a non-Federal public entity, that entity (such as a municipality, State, or tribe) is
the U.S. parent company.

Industrial function means the intended physical or chemical characteristic for which a chemical substance or
mixture is consumed as a reactant; incorporated into a formulation, mixture, reaction product or article;
repackaged; or used.

Industrial use means use at a site at which one or more chemical substances or mixtures are manufactured
(including imported) or processed.

Intended for use by children means the chemical substance or mixture is used in or on a product that is
specifically intended for use by children aged 14 or younger. A chemical substance or mixture containing
a chemical substance is intended for use by children when the submitter answers “yes” to at least one of
the following questions for the product into which the submitter's chemical substance or mixture
containing a chemical substance is incorporated:

(1) Is the product commonly recognized (i.e., by a reasonable person) as being intended for children
aged 14 or younger?

(2) Does the manufacturer of the product state through product labeling or other written materials that
the product is intended for or will be used by children aged 14 or younger?

(3) Is the advertising, promotion, or marketing of the product aimed at children aged 14 or younger?

Known to or reasonably ascertainable by means all information in a person's possession or control, plus all
information that a reasonable person similarly situated might be expected to possess, control, or know.

Manufacture means to import into the customs territory of the United States (as defined in general note 2 of the
Harmonized Tariff Schedule of the United States (19 U.S.C. 1202)), produce, or manufacture for
commercial purposes.

Manufacture for commercial purposes means:

(1) To import, produce, or manufacture with the purpose of obtaining an immediate or eventual
commercial advantage for the manufacturer, and includes among other things, such “manufacture”
of any amount of a chemical substance or mixture containing a chemical substance:

(i) For commercial distribution, including for test marketing; and/or

(ii) For use by the manufacturer, including use for product research and development, or as an
intermediate.

40 CFR 705.3 (up to date as of 2/14/2025)
Definitions. 40 CFR 705.3 “Highest-level U.S. parent company” (4)
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(2) Manufacture for commercial purposes also applies to substances that are produced coincidentally
during the manufacture, processing, use, or disposal of another substance or mixture containing a
chemical substance, including both byproducts that are separated from that other substance or
mixture containing a chemical substance and impurities that remain in that substance or mixture
containing a chemical substance. Such byproducts and impurities may, or may not, in themselves
have commercial value. They are nonetheless produced for the purpose of obtaining a commercial
advantage since they are part of the manufacture of a chemical product for a commercial purpose.

Per- and polyfluoroalkyl substances or PFAS means, for the purpose of this part, any chemical substance or
mixture containing a chemical substance that structurally contains at least one of the following three sub-
structures:

(1) R-(CF2)-CF(R′)R″, where both the CF2 and CF moieties are saturated carbons.

(2) R-CF2OCF2-R′, where R and R′ can either be F, O, or saturated carbons.

(3) CF3C(CF3)R′R″, where R′ and R″ can either be F or saturated carbons.

Possession or control means in possession or control of the submitter, or of any subsidiary, partnership in which
the submitter is a general partner, parent company, or any company or partnership which the parent
company owns or controls, if the subsidiary, parent company, or other company or partnership is
associated with the submitter in the research, development, test marketing, or commercial marketing of
the chemical substance in question. (A parent company owns or controls another company if the parent
owns or controls 50 percent or more of the other company's voting stock. A parent company owns or
controls any partnership in which it is a general partner.) Information is included within this definition if it
is:

(1) In files maintained by submitter's employees who are:

(i) Associated with research, development, test marketing, or commercial marketing of the
chemical substance in question; and/or

(ii) Reasonably likely to have such data.

(2) Maintained in the files of other agents of the submitter who are associated with research,
development, test marketing, or commercial marketing of the chemical substance in question in the
course of their employment as such agents.

Research and development (R&D) means activities intended solely as scientific experimentation, research, or
analysis. R&D focuses on the analysis of the chemical or physical characteristics, the performance, or the
production characteristics of a chemical substance, a mixture containing the substance, or an article.
R&D encompasses a wide range of activities which may occur in a laboratory, pilot plant, commercial
plant outside the research facility, or at other sites appropriate for R&D. General distribution of chemical
substances to consumers does not constitute R&D.

Site-limited means a chemical substance is manufactured and processed only within a site and is not
distributed as a chemical substance or as part of a mixture or article containing a chemical substance
outside the site. Imported chemical substances are never site-limited.

Worker means someone at a site of manufacture, import, or processing who performs work activities near
sources of a chemical substance or mixture or directly handles the chemical substance or mixture during
the performance of work activities.

40 CFR 705.3 (up to date as of 2/14/2025)
Definitions. 40 CFR 705.3 “Manufacture for commercial purposes” (2)
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Abstract
Accelerating evidence confirms the contribution of per- and polyfluoroalkyl substances (PFAS) to disease burden and dis-
ability across the lifespan. Given that policy makers raise the high cost of remediation and of substituting PFAS with safer 
alternatives in consumer products as barriers to confronting adverse health outcomes associated with PFAS exposure, it is 
important to document the costs of inaction even in the presence of uncertainty. We therefore quantified disease burdens 
and related economic costs due to legacy PFAS exposures in the US in 2018. We leveraged systematic reviews and used 
meta-analytic inputs whenever possible, identified previously published exposure–response relationships, and calculated 
PFOA- and PFOS-attributable increases in 13 conditions. These increments were then applied to census data to determine 
total annual PFOA- and PFOS-attributable cases of disease, from which we calculated economic costs due to medical care 
and lost productivity using previously published cost-of-illness data. We identified PFAS-attributable disease costs in the US 
of $5.52 billion across five primary disease endpoints shown to be associated with PFAS exposure in meta-analyses. This 
estimate represented the lower bound, with sensitivity analyses revealing as much as $62.6 billion in overall costs. While 
further work is needed to assess probability of causation and establish with greater certainty effects of the broader category 
of PFAS, the results confirm further that public health and policy interventions are still necessary to reduce exposure to 
PFOA and PFOS and their endocrine-disrupting effects. This study demonstrates the large potential economic implications 
of regulatory inaction.

Keywords PFAS · Perfluoroalkyl substances · Polyfluoroalkyl substances · Environmental chemicals · Disease burden · 
Economic costs · Obesity · Diabetes · Metabolism · Cancer · Reproductive health · Fertility · Respiratory infection · Child 
health

Abbreviations
AF  Attributable fraction
ART   Assisted reproductive technology
BMI  Body mass index
CI  Confidence interval
DALY  Disability-adjusted life years

ERR  Exposure–response relationship
GDM  Gestational diabetes
IQ  Intelligence quotient
LBW  Low birth weight
NHANES  National Health and Nutrition Examination 

Survey
OR  Odds ratio
PCOS  Polycystic ovarian syndrome
PFAS  Perfluoroalkyl substances
PFOA  Perfluorooctanoic acid
PFOS  Perfluorooctane sulfonic acid
ppt  Parts per trillion
QALY  Quality-adjusted life years
RR  Risk ratio
SD  Standard deviation
TTP  Time to pregnancy
T2D  Type 2 diabetes mellitus
US  United States

 * Leonardo Trasande 
 leonardo.trasande@nyulangone.org

1 Department of Pediatrics, NYU Grossman School 
of Medicine, New York, NY, USA

2 Department of Population Health, NYU Grossman School 
of Medicine, New York, NY, USA

3 Department of Environmental Health, NYU Grossman 
School of Medicine, New York, NY, USA

4 NYU Wagner School of Public Service, New York, NY, USA
5 NYU School of Global Public Health, New York, NY, USA

http://orcid.org/0000-0002-1928-597X
http://crossmark.crossref.org/dialog/?doi=10.1007/s12403-022-00496-y&domain=pdf


374 V. Obsekov et al.

1 3

Introduction

Per- and polyfluoroalkyl substances (PFAS) are a group of 
over 4700 human-made fluorine-rich molecules (Birnbaum 
2018). Long-chain PFAS, with a minimum of six carbons 
in their “backbone,” were first developed in the 1940s. The 
polarity of their structure enhanced their utility in the pro-
duction of water- and oil-resistant clothing, electronics, 
nonstick cookware, carpets, and food packaging materials 
for many years (Arbuckle et al. 2013; Holzer et al. 2008). 
These chemicals are widely detected in the blood of human 
populations worldwide (Bach et al. 2016a; Calafat et al. 
2007), in part due to the biological persistence of many 
long-chain PFAS, such as perfluorooctanoic acid (PFOA) 
and perfluorooctane sulfonic acid (PFOS), which have half-
lives in humans of at least 2 years (Bartell et al. 2010; Olsen 
et al. 2007; Xu et al. 2020). Although PFOA and PFOS have 
been added to the Stockholm Convention and PFOA use has 
been banned in the EU, they are still being released into the 
environment and are still being produced in other countries. 
Furthermore, both chemicals persist in the environment due 
to their chemical stability, resulting in ongoing human expo-
sure (Grandjean and Clapp 2015).

Among the first to document PFAS-related effects on 
human health were the C8 Science Panel exposure and 
health studies conducted between 2005 and 2013 in mid-
Ohio Valley communities where PFOA had heavily con-
taminated the water supply since the 1950s. These studies 
identified probable links with diagnosed high cholesterol, 
ulcerative colitis, thyroid disease, testicular cancer, kidney 
cancer, and pregnancy-induced hypertension (C8 Science 
Panel). An updated report from C8 Science Panel members 
and colleagues suggests that while the epidemiologic evi-
dence for some of the associations they identified remains 
limited, possibly due to lower exposure levels in the general 
population, their findings for high cholesterol, ulcerative 
colitis, and kidney and testicular cancer had been reinforced 
by subsequent studies and impaired immune function had 
emerged as an additional outcome (Steenland et al. 2020). 
A recent scoping review of studies exclusively conducted 
among general population samples concluded that the 
weight of evidence supported associations of low-level 
PFAS exposure with low birth weight (LBW, < 2500 g), 
childhood obesity, adult obesity, adult-onset type 2 diabetes 
(T2D), gestational diabetes (GDM), endometriosis, polycys-
tic ovarian syndrome (PCOS), couple infertility, and breast 
cancer (Kahn et al. 2020). Systematic reviews add further 
support for routine PFAS exposure and LBW (Bach et al. 
2015; Johnson et al. 2014; Koustas et al. 2014; Lam et al. 
2014; Steenland et al. 2018); childhood obesity (Liu et al. 
2018b), dyslipidemia (Rappazzo et al. 2017), renal dysfunc-
tion (Rappazzo et al. 2017), respiratory infection (Rappazzo 

et al. 2017), and reduced immune response to vaccines (Rap-
pazzo et al. 2017); age at menarche (Rappazzo et al. 2017); 
and adult thyroid dysfunction (Kim et al. 2018) and kid-
ney (Bartell and Vieira 2021), testicular (Bartell and Vieira 
2021), and breast (Wan et al. 2021) cancers. While a 2016 
systematic review cast doubt on evidence for infertility due 
to PFAS because most of the studies that found associa-
tions were not restricted to nulliparous women (Bach et al. 
2016b), the authors acknowledged that four of eight studies 
identified increased time to pregnancy (TTP) with PFOA 
or PFOS exposure. A more recent scoping review was less 
dismissive of the evidence and pointed out that studies con-
ducted among parous women may still be valid if models 
adjust for interpregnancy interval and (in retrospective stud-
ies) gestational age at blood collection (Kahn et al. 2021). A 
difference-in-difference analysis of a natural experiment in 
which fertility and birth outcomes were compared between 
communities without PFAS exposure and highly exposed 
communities where PFOA- and PFOS-contaminated water 
supplies were remediated found that preterm birth and LBW 
rates, which had been higher in the contaminated communi-
ties, decreased following remediation and the fertility rate, 
which had been lower, increased (Waterfield et al. 2020).

In the United States (US), rising concerns about the health 
effects of PFAS have prompted calls to state and federal 
governments to limit ongoing PFAS use and remediate con-
taminated water supplies. The US Environmental Protection 
Agency’s third Unregulated Containment Monitoring Rule 
report released in January 2017 found that 4% of water sys-
tems reported at least one PFAS compound detectable above 
the minimum reporting level, which ranged from 10 to 90 
parts per trillion (ppt) for various PFAS (Crone et al. 2019). 
A more recent study estimates that 18–80 million people 
in the US receive tap water with at least 10 ppt of PFOA 
and PFOS combined and more than 200 million Americans 
have tap water contaminated with PFOA and PFOS concen-
trations of 1 ppt or higher (Andrews and Naidenko 2020). 
Although there is currently no national regulatory limit for 
PFOA and PFOS exposure and the US Environmental Pro-
tection Agency continues to use a lifetime health advisory 
level of 70 ppt for the sum of PFOA and PFOS (Environ-
mental Protection Agency 2016), some states have banned 
PFAS in food packaging and lowered regulatory limits for 
PFAS in drinking water by two orders of magnitude to 1 ppt 
or lower as suggested by studies of PFAS and antibody titers 
in children (Grandjean and Clapp 2015; Hoylman 2020).

In considering regulatory action, the European Food 
Safety Authority and the US Agency for Toxic Substances 
and Disease Registry have suggested that the evidence is not 
sufficient to confirm causality and therefore to proceed with 
steps to reduce exposure (Rogers et al. 2021; Schrenk et al. 
2020). As Bradford Hill declared in his landmark lecture on 
causal inference (Hill 1965), uncertainty “does not confer 
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upon us a freedom to ignore the knowledge we already have 
or to postpone the action that it appears to demand at a given 
time.” Given that policy makers raise the high cost of reme-
diation and of substituting PFAS with safer alternatives in 
consumer products as barriers to confronting adverse health 
outcomes associated with PFAS exposure, it is important 
to document the costs of inaction even in the presence of 
uncertainty.

Recent studies suggest that the disease-related burden due 
to PFAS can be substantial. In 2003–2004, PFOA exposure 
accounted for up to 4% of LBW in the US, with $13.7 billion 
in associated costs (Malits et al. 2018). The Nordic Coun-
cil of Ministers estimated €52–84 billion in disease-related 
costs in 2019 associated with PFAS within the European 
Economic Area, driven substantially by occupational PFAS 
exposures and effects on populations living near contami-
nated sites (Goldenman et al. 2019). Yet, these analyses did 
not consider the broader scope of health effects of routine, 
low-level environmental PFAS exposure on human health. 
The aim for this analysis was therefore to quantify disease 
burden and associated costs of PFOA and PFOS exposure 
among the entire US population based on health outcomes 
with a substantial weight of evidence in support of associa-
tions with PFAS exposure.

Methods

Overall approach (Fig. 1)

To identify diseases and dysfunctions and their associated 
economic costs to be considered for possible attribution 
to PFAS exposure, we leveraged the PFAS-Tox Database 

(https:// pfast oxdat abase. org/), which was built using sys-
tematic review methods, to extract relevant studies and data 
(Pelch et al. 2019). Given the rapidly evolving nature of 
the PFAS literature, we supplemented the primary source 
with a PubMed search using the terms “PFAS” and “sys-
tematic review” or “meta-analysis.” In an additional effort 
to be complete, we also mined three recent scoping reviews 
to ensure the most comprehensive inclusion of potential dis-
ease burden and costs in sensitivity analyses (Kahn et al. 
2020; Steenland et al. 2020; Steenland and Winquist 2021).

In main estimates of PFAS-attributable disease burden 
and cost, we only considered disease outcomes for which 
statistically significant associations had been derived from 
published meta-analyses of epidemiologic studies. These 
included (1) LBW due to prenatal exposure (Steenland 
et al. 2018); (2) childhood obesity due to prenatal exposure 
(Liu et al. 2018b); (3) kidney cancer due to lifetime expo-
sure (Bartell and Vieira 2021); (4) testicular cancer due to 
lifetime exposure (Bartell and Vieira 2021); and (5) hypo-
thyroidism in females due to lifetime exposure (Kim et al. 
2018). For all of these outcomes except hypothyroidism, we 
used the meta-analytic estimates of exposure–response rela-
tionship [ERR, e.g., odd ratios (ORs) or risk ratios (RRs)] 
as the bases for disease burden and cost estimations. For 
hypothyroidism, a clear negative association was demon-
strated between PFOA exposure and total T4 and T3 levels 
in a meta-analysis of seven papers by Kim et al., but because 
these are not clinical endpoints, we used an OR from a rep-
resentative paper from the meta-analysis that identified a 
negative association with subclinical hypothyroidism (Wen 
et al. 2013).

In a sensitivity analysis of PFAS-attributable disease bur-
den and cost, we expanded the scope of relevant outcomes 

Fig. 1  Schematic of method 
for calculating cost of disease/
disability attributable to PFAS 
exposure

https://pfastoxdatabase.org/
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to consider health conditions for which relations with PFAS 
had been identified in systematic and scoping reviews but 
had not been meta-analyzed. These included (6) adult obe-
sity due to exposure over the lifespan (Kahn et al. 2020); 
(7) T2D in females due to exposure over the lifespan (Kahn 
et al. 2020); (8) GDM due to exposure measured in preg-
nancy (Kahn et al. 2020); (9) endometriosis due to expo-
sure over the lifespan (Kahn et al. 2020); (10) PCOS due to 
exposure over the lifespan (Kahn et al. 2020); (11) couple 
infertility due to lifetime exposure in females (Kahn et al. 
2020); (12) female breast cancer due to lifetime exposure 
(Wan et al. 2021); and (13) pneumonia in children due to 
prenatal exposure (Rappazzo et al. 2017). We did not include 
pediatric dyslipidemia or reduced age at menarche (Rap-
pazzo et al. 2017), as these indicators are associated with 
outcomes already included in our analysis (e.g., childhood 
obesity and breast cancer, respectively); similarly, we did not 
include adult high cholesterol (Steenland et al. 2020), as it 
is associated with adult obesity, which is already included 
in our analysis. We also did not include reduced response to 
childhood vaccination (Grandjean et al. 2012), as reduced 
titers generally only require revaccination and clinical epi-
sodes of tetanus [~ 30 cases per year (CDC)] and diphtheria 
[2 cases between 2004 and 2017 (CDC)] are extremely rare 
in the US (CDC 2022a, b). Recognizing that some studies 
for each of the included outcomes might have reported null 
findings, the lower bound of economic cost added for this 
group of outcomes is zero. We based the upper bound of 
the sensitivity analysis on ERRs drawn from recent well-
designed studies that reported statistically significant results 
from populations most similar to the current US population 
and extracted appropriate ERRs for our exposures and out-
comes of interest (Tables 1, 2). To extrapolate most accu-
rately effects in 2018 [the most recent year for which PFAS 
exposure data are available from the US National Health and 
Nutrition Examination Survey (NHANES)], we considered 
only studies published within the past 10 years and excluded 
those that did not control for confounding variables in the 
analysis, did not have PFAS exposure levels similar to our 
population as defined by the 2017–2018 NHANES dataset, 
and did not provide an RR, OR, or beta coefficient with 
either a 95% confidence interval or p-value. When multiple 
studies met these criteria, we modeled each separately and 

added the highest estimate to our cost estimate total in order 
to establish the upper bound of our sensitivity analysis.

Assessing Risk of Bias

A substantial literature has described and compared meth-
ods to evaluate systematic reviews (Whiting et al. 2016) 
and epidemiologic studies (Eick et al. 2020) for risk of 
bias. We used the tool developed by the National Toxicol-
ogy Program’s Office of Health Assessment and Transla-
tion (OHAT) (Office of Health Assessment and Transla-
tion (OHAT) 2022) to evaluate epidemiologic studies and 
ROBIS, the first rigorously developed tool designed specifi-
cally to assess the risk of bias in systematic reviews (Whiting 
et al. 2016). Two authors (LT, LK) independently evaluated 
each of the studies.

OHAT includes seven questions that yield graded proba-
bility assessments for risk of bias within observational stud-
ies (definitely low, probably low, probably high, definitely 
high). In the cases where there was a potential risk of bias, 
we added narrative comments to explain reasons for our con-
cerns. ROBIS evaluates risk of bias in systematic reviews 
across four domains: study eligibility criteria; identification 
and selection of studies; data collection and study appraisal; 
and synthesis and findings. Within each domain, answers 
to multiple questions are used to assemble a domain-wide 
assessment of risk of bias (low, high, unclear). For each sys-
tematic review, two authors (LT and LK) assessed overall 
risk of bias in each of the four domains, identified specific 
concerns, and then assessed whether conclusions were sup-
ported by the evidence based on three criteria: whether the 
interpretation of findings addressed identified concerns in 
all the domains; whether the relevance of identified stud-
ies to the research question was appropriately considered; 
and whether authors overemphasized statistical significance. 
These questions were answered as yes, probably yes, prob-
ably no, no, or no information. This informed final assess-
ments of each systematic review as low, high, or unclear.

Estimating PFAS‑Attributable Disease Burden 
and Cost

To estimate the attributable cost of PFAS-mediated disease, 
we applied the model first used by the Institute of Medicine 
(1981) described by the equations below:

(1)Attributable disease burden = Increment in disease∕disability × Attributable fraction(AF) × Population size

(2)
Attributable cost = Attributable disease burden × Cost per increment.
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The AF of a risk factor can be defined as the proportional 
decrease in the number of cases of ill health or deaths as a 
result of reducing the risk factor to a reference level and can 
be estimated using the following equation:

(3)

AF =Prevalenceexposure ∗ (relative risk(RR) − 1)
/

[

1 +
(

prevalenceexposure ∗ (RR − 1)
)]

,

Table 2  Exposure–response relationships

 ~ Serum concentrations in females of childbearing age was used as a proxy for prenatal exposure

Outcome Exposed population Exposure Exposure modeling (ng/mL) ERR Source of ERR

Low birth weight~
Females 18–49 PFOA Continuous β = − 10.5 g/PFOA (ng/mL) Steenland (2018)

PFOS Continuous β = − 45.2 g/doubling of PFOS (ng/mL) Meng (2018)
Childhood obesity at age 10~

Females 18–49 PFOA Continuous β = 0.09 per PFOA (ng/mL) Liu (2018a)
PFOS Continuous β = 0.18 per ln((PFOS) (ng/mL)) Lauritzen (2018)

Kidney cancer
Adults 18+ PFOA Continuous OR = 1.16 per 10 ng/mL PFOA Bartell (2021)

Testicular cancer
Males 18+ PFOA Continuous OR = 1.03 per 10 ng/mL PFOA Bartel (2021)

Hypothyroidism
Females 18–49 PFOA Continuous OR = 7.42 per ln(PFOA (ng/mL)) Wen (2013)

PFOS Continuous OR = 3.03 per ln(PFOA (ng/mL))
Adult obesity

Adults 18+ PFOS Tertile 1: < 19.2 β = 1.5 kg gained Liu (2018a)
Tertile 2: 19.2–32.1 β = 3.5 kg gained
Tertile 3: > 32.1 β = 3.2 kg gained

Adult-onset type 2 diabetes
Females 18–49 PFOA Tertile 1: < 3.76 OR = 1 Sun (2018)

Tertile 2: 3.76–5.48 OR = 1.27
Tertile 3: > 5.48 OR = 1.54

Gestational diabetes
Females 18–49 PFOA Continuous When ln(1 + PFOA (ng/mL) increases 

by 1 SD, OR increases by 1.61
Zhang (2015)

Endometriosis
Females 18–49 PFOA Continuous OR = 1.89 per log((PFOA (ng/mL)) Buck Louis (2012)

Polycystic ovarian syndrome
Females 15–45 PFOA Tertile 1: < 2.6 OR = 1 Vagi (2014)

Tertile 2: 2.6–4.1 OR = 1.65
Tertile 3: > 4.1 OR = 6.93

PFOS Tertile 1: < 6.2 OR = 1
Tertile 2: 6.2–8.6 OR = 3.43
Tertile 3: > 8.6 OR = 5.79

Couple infertility
Females 18–49 PFOA Continuous OR = 0.67 per log((PFOA (ng/mL)) Bach (2015)

PFOS Continuous OR = 0.62 per log((PFOS (ng/mL))
Breast cancer

Females 18–49 PFOA Continuous OR = 1.26 per PFOA (ng/mL) Wielsoe (2017)
PFOS Continuous OR = 1.02 per PFOS (ng/mL)

Pneumonia~
Females 18–49 PFOA Continuous RR = 1.27 per PFOA (ng/mL) Impinen (2019)

PFOS Continuous RR = 1.20 per PFOS (ng/mL)
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where RR represents the risk of morbidity associated with 
the specific exposure relative to the reference level (Levin 
1953).

The first step in calculating attributable disease burden 
was to quantify exposure. We focused our analysis on PFOA 
and PFOS, as they are the most widely studied members 
of the PFAS class and evidence of their health effects is 
strongest. Because these two chemicals co-occur, as a con-
servative measure, we calculated disease burden based on 
PFOA and PFOS separately as proxies for long-chain PFAS 
exposure. Our source for distributions of exposure was the 
2017–2018 cycle of NHANES, as this contains the most 
recent nationally representative data. For each analysis, we 
focused on the relevant subsection of the population (e.g., 
women of childbearing age when considering PCOS). For 
childhood obesity we used data from the 2007–2008 cycle 
to quantify in utero exposure among children who were age 
10 in 2017–2018. NHANES measured serum concentrations 
of PFOA and PFOS with online solid-phase extraction cou-
pled with high-performance liquid chromatography–tandem 
mass spectrometry; an extensive methodology is provided in 
the NHANES Laboratory Procedures Manual (CDC 2016) 
Main estimates used PFOA levels, while sensitivity analyses 
considered PFOS levels, as well.

We stratified the US population into percentile group-
ings of serum PFAS concentration (< 10th, 10th–24th, 
25th–49th, 50th–74th, 75th–89th, 90th–99th, and > 99th). 
As a conservative measure, we assumed exposures within 
each percentile grouping to be at the lowest end of the range 
(e.g., corresponding to the 10th, 25th, 50th, 75th, 90th, and 

99th percentile) and assumed no exposure for the lowest 10% 
of the population, our reference group (Table 3).

Once we established the exposure level across each per-
centile group, we calculated increments in disease or dis-
ability over the baseline population rate due to exposure. 
2018 US Census estimates (USC Bureau 2020) were used 
to convert the baseline prevalence or incidence values to the 
appropriate population size (subsequent sections identify the 
sources of prevalence/incidence data for each outcome). We 
then applied the previously selected ERRs to quantify attrib-
utable burdens of disease within each group. If an ERR was 
based on continuous exposure in the literature, main analy-
ses employed a reference level of 0.1 ng/mL below which no 
effects were assumed to be observed. If an ERR was based 
on tertiles or quartiles of exposure in the literature, we used 
the lowest quantile as the reference level (Table 3). ORs 
were converted to RRs to avoid overestimation following 
published practice (Knol et al. 2012), and Levin’s formula 
was used to tabulate AFs based on RRs (Levin 1953).

Once we estimated the increase in cases attributable to 
PFOA/PFOS exposure for the 13 outcome measures, we cal-
culated associated economic costs using available data on 
cost per case, derived from previously published estimates of 
direct and/or indirect healthcare and societal costs, and the 
size of the population at risk (Supplementary Tables 1–13). 
All cost estimates were adjusted to reflect the annual average 
for 2018 in US dollars using the All Items Consumer Price 
Index (US Bureau of Labor Statistics 2020).

Table 3  NHANES exposure data

*Serum concentrations in females of childbearing age were used as a proxy for prenatal exposure

Outcome Exposed population NHANES years 
of exposure

Exposure chemical Concentrations assigned to each percentile of exposure

0–9 10–24 25–49 50–74 75–89 90–99  > 99

Low birth weight*, adult diabetes, gestational diabetes, endometriosis, couple infertility, breast cancer, pneumonia*, and hypothyroidism
Females 18–49 2017–2018 PFOA (ng/mL) 0.00 0.47 0.67 0.97 1.47 2.37 5.17

PFOS (ng/mL) 0.00 1.10 1.70 2.60 3.90 5.70 11.9
Childhood obesity at age 10*

Females 18–49 2007–2008 PFOA (ng/mL) 0.00 2.30 2.70 3.50 4.60 5.90 7.10
PFOS (ng/mL) 0.00 4.70 7.20 9.90 17.70 24.30 32.20

Adult obesity and kidney cancer
Adults 18+ 2017–2018 PFOA (ng/mL) 0.00 0.67 0.97 1.47 2.17 3.07 8.30

PFOS (ng/mL) 0.00 1.60 2.70 4.70 7.80 12.0 26.2
Polycystic ovarian syndrome

Females 15–45 2017–2018 PFOA (ng/mL) 0.00 0.47 0.67 0.87 1.37 2.07 5.17
PFOS (ng/mL) 0.00 1.10 1.70 2.50 3.60 5.30 10.7

Testicular cancer
Males 18+ 2017–2018 PFOA (ng/mL) 0.00 0.87 1.17 1.67 2.27 3.27 8.30

PFOS (ng/mL) 0.00 2.60 3.60 5.80 9.20 13.0 26.2
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Table 4  Total disease burden and costs in 2017–2018

Primary analysis Sensitivity analysis

Main estimate 
from meta-
analyses

Low estimate High estimate

Low birth weight
 Attributable incident cases per year 10,053 – 96,847
 Attributable fraction 3.17% – 30.7%
 Total cost per annual incident case $1,420,000,000 – $13,700,000,000
  Direct cost of hospitalization $305,000,000 – $2,940,000,000
  Indirect cost due to lost IQ points $1,110,000,000 – $10,700,000,000

Childhood obesity at age 10
 Attributable incident cases per year 127,362 – 462,119
 Attributable fraction 3.78% – 13.70%
 Incremental lifetime medical cost of an obese child relative to normal 

weight child due to annual incident cases
$2,650,000,000 – $9,600,000,000

Kidney cancer
 Attributable incident cases per year 142 – –
 Attributable fraction 0.34% – –
 Total cost per annual incident case $184,000,000 – –
  Direct medical cost during 1st year of diagnosis $4,740,000 – –
  Indirect cost as DALY lost over 10 years $180,000,000 – –

Testicular cancer
 Attributable incident cases per year 5 – –
 Attributable fraction 0.076% – –
 Total cost per annual incident case $6,850,000 – –
  Direct medical cost of treatment $139,000 – –
  Indirect cost as DALY lost over 10 years $6,710,000 – –

Hypothyroidism in females
 Attributable incident cases per year 14,572 – 59,939
 Attributable fraction 5.0% – 20.7%
 Total cost per annual incident case $1,260,000,000 – $5,180,000,000
  Direct cost of new cases of hypothyroidism annually $42,100,000 – $173,000,000
  Indirect cost as DALY lost over 10 years $1,220,000,000 – $5,000,000,000

Adult obesity
 Attributable incident cases per year – 4,294,379 –
 Attributable fraction – 2.98% –
 Total 15-year cost per annual incident case – $17,000,000,000 –
  Direct medical cost for newly obese 35-year olds – $3,210,000,000 –
  Indirect cost of QALY lost over 15 years – $13,800,000,000 –

Adult type II diabetes in females
 Attributable incident cases per year – 1728 –
 Attributable fraction – 0.37% –
 Lifetime cost of treating type II diabetes and associated complications due 

to annual incident cases
– $140,000,000 –

Gestational diabetes
 Attributable incident cases per year – 6061 12,474
 Attributable fraction – 2.85% 5.87%
 Total cost per annual incident case – $414,000,000 $852,000,000
  Direct medical cost – $73,300,000 $150,000,000
  Indirect cost of lost productivity from adverse birth effects – $341,000,000 $702,000,000

Endometriosis



384 V. Obsekov et al.

1 3

Sensitivity Analyses

As our main result, we reported the PFOA disease bur-
den and cost estimates for the five disease outcomes with 
meta-analytic associations and then summed them. We then 
generated alternative estimates through multiway sensitiv-
ity analyses to provide the most accurate range of possi-
ble costs (Table 4). First, we calculated disease burden and 
cost estimates using ERRs for PFOS and serum levels from 
NHANES for the same group of outcomes. We then calcu-
lated disease burden and cost estimates for PFOA using an 
expanded group of outcomes that included both those condi-
tions for which there were meta-analytic results and those for 
which there were results from systematic or scoping reviews. 
We also examined the influence of a higher reference level 
(1.0 ng/mL) on disease burden and costs for which ERRs 
were based on continuous exposure. Finally, we repeated this 
analysis for the expanded group of conditions, substituting 

PFOS for PFOA. The boundaries of the sensitivity analysis 
were identified using the lowest and highest values for each 
of the adverse endpoints studied, which were aggregated to 
create a range for probable disease costs due to PFAS.

The following sections elaborate details of our methods 
specific to each disease outcome.

Low Birth Weight

We updated a previously published approach to quantify-
ing PFAS-attributable LBW (Malits et al. 2018) to include 
new literature and an estimate for PFOS, which we used in 
a sensitivity analysis. Briefly, we compared observed LBW 
in 2017–2018 to LBW in a counterfactual scenario in which 
PFOA/PFOS-attributable reductions in birth weight were 
eliminated, with the difference representing PFOA/PFOS-
attributable LBW. For each 1.0 ng/mL of PFOA exposure 
above 0.1 ng/mL, a 10.5 g decrease [95% confidence interval 

Table 4  (continued)

Primary analysis Sensitivity analysis

Main estimate 
from meta-
analyses

Low estimate High estimate

 Attributable incident cases per year – 696 18,062
 Attributable fraction – 0.43% 11.27%
 Total 10-year cost per annual incident case – $397,000,000 $10,200,000,000
  Direct medical cost over 10 years – $21,100,000 $547,000,000
  Indirect cost as DALY lost over 10 years – $376,000,000 $9,760,000,000

Polycystic ovarian syndrome
 Attributable incident cases per year – 7209 7505
 Attributable fraction – 5.92% 6.16%
 Annual cost of initial PCOS evaluation and treatment of comorbidities due 

to annual incident cases
– $10,500,000 $10,900,000

Couple infertility
 Attributable cases of ART SET utilized per year – 593 26,160
 Attributable fraction – 0.25% 10.86%
 Cost of attributable ART SET utilization per annual incident case – $37,600,000 $1,660,000,000

Breast cancer
 Attributable incident cases per year – 421 3095
 Attributable fraction – 0.50% 3.65%
 Total 10-year cost per annual incident case – $555,000,000 $4,080,000,000
  Direct medical cost for 6 months following diagnosis per annual incident 

cases
– $21,700,000 $159,000,000

  Indirect cost as DALY lost over 10 years – $533,000,000 $3,920,000,000
Pneumonia
 Attributable incident cases per year in children 0–3 years old – 447 6759
 Attributable fraction – 0.58% 8.81%
 Total cost per incident case of pneumonia in 0–3-year olds – $1,490,000 $22,500,000
  Direct medical cost of case across all healthcare settings – $1,320,000 $20,000,000
  Indirect cost of parental absenteeism – $166,000 $2,510,000

Total cost $5.52 billion ($5.52 billion–$62.6 billion)
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(CI) − 16.7, − 4.4] in birth weight was applied in main 
analyses, based on the results of an updated meta-analysis 
(Steenland et al. 2018). Sensitivity analyses applied the 
lower 3.3 g decrement identified in a subset of studies with 
later pregnancy measures. For PFOS, we applied a 45.2 g 
decrease (95% CI − 76.8, − 13.6) in birth weight per dou-
bling of early pregnancy maternal plasma concentrations 
from a study of 3535 mother–infant pairs in the Danish 
National Birth Cohort study (Meng et al. 2018). We used 
natality data from the National Vital Statistics System of 
the National Center for Health Statistics (CDC/NCHS 2014, 
2018) to determine the actual mean birth weight, total num-
ber of births, and number of LBW births for 2017 and 2018 
(the exposed scenario) and then increased mean birth weight 
in each PFOA/PFOS centile by the absolute value of the 
attributable decrement to calculate the number of LBW 
births in a scenario free of PFOA/PFOS effects. The PFOA/
PFOS-attributable LBW disease burden was the difference in 
LBW births between the two, assuming a normal distribution 
of birth weight (Table S1). The average of results for 2017 
and 2018 was calculated to represent PFAS-attributable 
LBW in 2018.

We calculated the total cost of LBW attributable to in 
utero PFAS exposure by adding the LBW-associated costs of 
hospitalization for medical concerns (direct cost) to the lost 
lifetime economic productivity, operationalized as loss of IQ 
points due to LBW (indirect cost). The direct cost of hospi-
talization was estimated at $30,364 per case in 2018 (Kow-
lessar et al. 2011). LBW has been associated with a 4.98 
point loss in IQ (95% CI 3.20, 6.77) (Kormos et al. 2014). 
Applying a 3% discount rate for lifetime earnings, each IQ 
point loss was valued at $22,190 in 2018 (Gould 2009; Max 
et al. 2004). Both costs were multiplied by the number of 
additional LBW babies born over the 2 years attributable to 
PFOA and PFOS exposure to get the total cost.

Childhood Obesity

We first quantified changes in body mass index (BMI) 
Z-score in subpopulations of children with increasing prena-
tal PFOA exposure by applying results of a meta-analysis of 
ten cohort studies, which identified a 0.09 increase in BMI 
Z-score for each ng/mL increase in PFOA (Liu et al. 2018b). 
For PFOS, we utilized a cohort study of 412 Norwegian and 
Swedish mother–infant pairs in which a 1 ng/mL increase in 
maternal serum levels was associated with 0.18 increase in 
BMI Z-score (Lauritzen et al. 2018). A 0.1 ng/mL reference 
level was applied in all analyses, below which no effects on 
BMI Z-score were included. The distribution of PFOA and 
PFOS in US women age 18–49 years in 2007–2008 was used 
as a proxy for the distribution in pregnant women during 
that time period. To estimate increases in childhood obesity 
in 10-year olds due to prenatal PFOA/PFOS exposure, we 

calculated increases in BMI Z-score and quantified incre-
mental increases in Z > 1.64 (95th percentile).

Incremental increases in obesity were calculated from 
PFOA/PFOS-attributable increases in BMI Z-score using 
the NORMDIST function in Excel, assuming a mean = 0 
and standard deviation (SD) = 1 without exposure. Increases 
in percent obese individuals were then multiplied by the 
number of 10-year olds in 2018 identified in US Census 
population estimates (Table S2) (USC Bureau 2020; Hales 
et al. 2017). We calculated the economic burden of PFOA/
PFOS-attributable cases of childhood obesity based on an 
estimated lifetime medical cost of childhood obesity at age 
10 of $20,780 in 2018 dollars (Finkelstein et al. 2014).

Kidney Cancer

We utilized the ERR from Bartell et  al. to identify the 
PFOA-attributable increased odds of kidney cancer based 
on a pooled increased risk of 16% per 10 ng/mL of PFOA 
exposure from a meta-analysis of four papers demonstrat-
ing the link between PFOA and kidney cancer (Bartell and 
Vieira 2021). We calculated ORs for PFOA in each per-
centile grouping based upon exposure levels in NHANES 
2017–2018, applying a reference level of 0.1 ng/mL below 
which we assumed there was no increase in odds of kidney 
cancer. We then converted the ORs to RRs and adjusted 
for a kidney cancer prevalence of 12.89 per 10,000 adults 
in the US (Surveillance Research Program Surveillance, 
Epidemiology, and End Results Program). Afterward, we 
weighted the RRs by exposure percentile to calculate the 
AFs across all exposure percentiles using Levin’s equation 
(Levin 1953). The population incidence of kidney cancer, 
16.9 per 100,000 adults/year, was obtained from the Surveil-
lance, Epidemiology, and End Results Program and mul-
tiplied by the AF across the modeled range of population 
exposures and the US Census population estimates of the 
annual average number of adults over age 18 years in 2018 
to quantify incident cases of kidney cancer attributable to 
PFOA exposure (Table S3) (Surveillance Research Program 
Surveillance, Epidemiology, and End Results Program).

Each case of newly diagnosed kidney cancer was associ-
ated with direct medical expenses of $33,485 in the first 
year alone in 2018 (Shih et al. 2019). We multiplied the 
cost by the PFOA-attributable cases for a total direct cost 
of first-year medical expenses for newly diagnosed kidney 
cancer in American adults. We then calculated the indirect 
10-year cost of kidney cancer as lost disability-adjusted life 
years (DALY, 0.288 for each year, valued at $50,000/year) 
over 10 years, discounting 3% per year for future preference 
(Neumann et al. 2014). The total 10-year cost for a case of 
kidney cancer is the sum of first-year medical expenses and 
accrued indirect costs (DALY loss).
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Testicular Cancer

Similarly to kidney cancer, we utilized an ERR from Bartell 
et al. that demonstrated a 3% increase in risk of testicular 
cancer per 10 ng/mL of PFOA exposure from a meta-analy-
sis of two studies (Bartell and Vieira 2021). The same meth-
odology was applied as with kidney cancer to determine 
ORs, convert to RRs using a prevalence of 0.0817% of adult 
males, and identify a weighted AF (US Cancer Statistics 
Working Group 2020). The AF was then multiplied by the 
US population of adult males and baseline incidence of tes-
ticular cancer of 5.7 per 100,000 to identify the PFOA-attrib-
utable cases of testicular cancer in 2018 (Table S4) (Surveil-
lance Research Program Surveillance, Epidemiology, and 
End Results Program). The number of PFOA-attributable 
testicular cancer cases was multiplied by $26,236, the esti-
mated cost of each new case to the US healthcare system in 
2018 dollars (Aberger et al. 2014). As with kidney cancer, 
we calculated the indirect 10-year cost of testicular cancer 
as lost DALY (0.288 for each year, valued at $50,000/year) 
over 10 years, discounting 3% per year for future preference, 
which we then summed with the direct cost of a new case of 
testicular cancer (Neumann et al. 2014).

Hypothyroidism

Wen et al.’s analysis based on 2007–2010 NHANES data 
from 1181 adults provided us with an OR of 7.42 (95% CI 
1.14–48.12) to estimate the increase in subclinical hypothy-
roidism per ln-unit increase of PFOA serum concentration 
(Wen et al. 2013). We conducted a sensitivity analysis using 
the association between PFOS and increased odds of sub-
clinical hypothyroidism in females from the same study (OR 
3.03; 95% CI 1.14–8.07).

For both PFAS, we applied the OR to our exposure per-
centiles of PFOA/PFOS in adult women then converted 
to an RR using a prevalence of clinical hypothyroidism 
of 0.3% (Hollowell et al. 2002). A weighted AF was then 
calculated and multiplied by the US population of adult 
women and incidence of subclinical hypothyroidism of 
226.2 per 100,000 adults to obtain PFOA-attributable cases 
of subclinical hypothyroidism (Garmendia Madariaga et al. 
2014). This was adjusted downward by 0.3% to account for 
the baseline prevalence of hypothyroidism (Table S5) (Hol-
lowell et al. 2002).

The annual direct medical cost per case of hypothyroid-
ism is valued at $2555 with associated $171 in indirect costs 
due to lost productivity in 2015 (Hepp et al. 2021). We con-
verted the sum of these costs into 2018 dollars ($2888) and 
multiplied by the PFAS-attributable cases for a total annual 
cost of subclinical hypothyroidism in adult females. Given 
the variable clinical course of hypothyroidism, we chose to 
calculate costs for a single year of treatment due to PFAS 

rather than lifelong costs. As hypothyroidism is a chronic 
disease, we modeled an indirect 10-year cost as lost DALY 
(0.019 for each year, valued at $50,000/year) over 10 years, 
discounting 3% per year for future preference (Neumann 
et al. 2014).

Adult Obesity

To quantify PFOS-attributable adult obesity, we modeled 
increases in obesity by shifting the mean BMI for US adults 
age > 18 years in relation to PFOS exposure in each cen-
tile and estimated increases in percentages of the popula-
tion with BMI > 30 kg/m2. We applied results from Liu 
et al.’s study of 520 adults followed for 6–24 months after 
the cessation of a 2-year clinical trial of energy-restricted 
diets on weight change that reported those with PFOS lev-
els > 32.1 ng/mL gained 3.2 kg over the 6–24-month study 
period, those with levels 19.2–32.1 ng/mL gained 3.5 kg, 
and those with levels < 19.2 ng/mL gained 1.5 kg (Liu et al. 
2018a). Weight gain across tertiles was then linearized 
across the percentiles to estimate a finer distinction between 
those with varying exposures (Table S6, Table S14, Fig. S1).

After applying NHANES 2017–2018 PFOS levels to cal-
culate attributable annual weight gain, the additional weight 
was added to mean weight in the unexposed scenario, as cal-
culated from mean BMI (29.78 kg/m2) and height (1.66 m) 
and an exposed mean BMI was calculated from the new 
weight and same height. Increases in obesity (BMI > 30 kg/
m2) in each exposed subpopulation were calculated by sub-
tracting the percent obese in the exposed scenario to the 
unexposed counterfactual. The increase in obesity was mul-
tiplied by the annual number of adults in the US in 2018 
as estimated by the US Census and adjusted for a baseline 
prevalence of obesity (42.4%) to obtain the number of cases 
of incident obesity among adults over the age of 18 attributa-
ble to PFOS (Table S6) (Fryar et al. 2016; Hales et al. 2020).

We estimated the long-term cost of obesity as a sum of 
the 15-year direct annual medical cost of obesity (e.g., medi-
cal expenses) and the indirect cost of quality-adjusted life 
years (QALY) lost, using a single age group as a model. We 
selected 35-year olds, as obesity rates increase with age and 
this age cohort would allow us to model a 15-year period 
with the assumption that the majority of 35-year-old obese 
individuals will remain obese and continue to live for at least 
15 years. Using the annual direct medical cost of adult obe-
sity as $2741 in 2005 dollars and discounting for future pref-
erence (3% annually), we calculated that a 35-year old who 
became obese as a result of PFAS exposure in 2017–2018 
would incur $43,334 in direct medical costs over 15 years 
(Cawley and Meyerhoefer 2012). This cost was multiplied by 
the incremental increase in obesity and the total population 
of 35-year olds in the US. The indirect cost of adult obesity 
due to PFAS was calculated as QALY lost due to obesity, 
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with each QALY assigned a value of $50,000 (Eq. 4) (Muen-
nig et al. 2006; Neumann et al. 2014). Results for males and 
females were calculated separately, as QALY lost to obesity 
are sex specific (4.4 years for men and 7.2 years for women), 
and the final indirect costs for each PFAS of both genders 
were summed (Muennig et al. 2006).

Type 2 Diabetes

We extrapolated incident cases of T2D in 2017–2018 due to 
PFOA exposure in females over age 18 years using the find-
ings of a case–control study of 1586 women nested within 
the Nurses’ Health Study II that found higher odds of T2D 
associated with each tertile increase in PFOA concentration 
(Sun et al. 2018). Odds of incident T2D were linearized 
across tertiles to estimate a finer distinction with varying 
exposures as described for adult obesity. We converted the 
ORs to RRs and then applied Levin’s equation to calculate 
AFs from the RRs (Levin 1953). For each exposed subpopu-
lation, the calculated AF was multiplied by the incidence 
rate of T2D [6.9 per 1000 American adults (CDC 2020)] 
and the annual population of US women in 2018. To avoid 
overestimation, we adjusted for baseline prevalence of T2D 
(13.0%) to obtain a final estimate of PFOA-attributable cases 
of T2D in adult women (Table S7) (CDC 2020). The lifetime 
cost of T2D was estimated at $93,183 per individual in 2018 
and multiplied by the number of PFOA-attributable cases in 
2018 (Zhou et al. 2013).

Gestational Diabetes

We applied findings from a prospective cohort study of 
501 women in whom preconception serum PFOA levels 
were associated with GDM (OR 1.61 per 0.43 SD increase 
in PFOA concentration; 95% CI 1.14–3.02) (Zhang et al. 
2015). We assumed levels of PFOA exposure among women 
age 18–49 years in 2017–2018 NHANES to be similar to 
those in pregnant women of the same year and applied a 
reference level of 0.1 ng/mL below which we assumed no 
effect. As with prior calculations, we converted ORs to RRs 
and then applied Levin’s equation to calculate AFs from the 
RRs (Levin 1953). The AF across all centiles was multiplied 
by the number of births in 2017–2018 and the prevalence 
rate of GDM (5.60%) to estimate the annual PFOA-attribut-
able cases of incident GDM (assuming that the prevalence of 
GDM is the same as the incidence, as the natural progression 
of the disease is < 1 year) (Table S8) (CDC/NCHS 2014).

Each case of GDM was estimated to have an annual medi-
cal cost of $12,089 and lifetime cost due to lost productivity 

(4)Indirect cost =
$50, 000 × populationobese × QALY

(

1.0315
) .

for adverse birth outcomes associated with GDM of $56,237 
in 2018 dollars (Peterson et al. 2015). These costs were mul-
tiplied by the number of PFAS-attributable cases of GDM.

Endometriosis

After determining the percentile groupings of serum PFOA 
levels in women age 18–49, we utilized ORs for associa-
tions between PFOA and endometriosis from the Endome-
triosis: Natural History, Diagnosis, and Outcomes (ENDO) 
study, a case–control study of 495 women age 18–44 years 
that found an association between serum PFOA levels and 
higher odds of endometriosis (Buck Louis et al. 2012). We 
calculated ORs for PFOA in each percentile grouping based 
upon exposure levels in NHANES 2017–2018, applying a 
reference level of 0.1 ng/mL below which we assumed there 
was no increase in odds of endometriosis. We converted the 
ORs to RRs and applied Levin’s equation to calculate AFs 
as with prior outcomes (Levin 1953). The population inci-
dence of endometriosis, 237 per 100,000 women/year, was 
obtained from the Nurses’ Health Study and multiplied by 
the AF across the modeled range of population exposures 
and the US Census population estimates of the number 
of women age 18–49 years in 2018 and then adjusted for 
baseline prevalence (6.1%) (Fuldeore and Soliman 2017) 
to quantify incident cases of endometriosis attributable to 
PFOA exposure (Table S9) (Missmer et al. 2004).

Following the methodology of Attina et al. (2016), we 
modeled the direct cost of endometriosis as the total health-
care costs over 10 years of treatment, valued at $30,292 in 
2018 dollars (Fuldeore et al. 2015). We also calculated the 
indirect cost of endometriosis by aggregating lost DALY 
(0.123 for each year with endometriosis, valued at $50,000/
year) over 10 years, discounting 3% per year for future pref-
erence (Neumann et al. 2014). These costs were multiplied 
by the newly incident cases of endometriosis attributable to 
annual PFOA exposure to obtain the annual PFOA-attribut-
able economic burden.

Polycystic Ovarian Syndrome

We quantified incident cases of PCOS in women age 
15–45 years attributable to PFOA/PFOS by applying ERRs 
from a case–control study by Vagi et al. of 52 PCOS patients 
and 50 controls in Los Angeles to our percentile groupings 
of PFOA and PFOS exposure (Vagi et al. 2014). Linearized 
ORs were calculated as described for adult obesity, and 
ORs for exposure percentile groups were assigned based 
on the corresponding tertiles of exposure identified in the 
Vagi et al. study. The ORs for the second and third tertiles 
versus the first were 1.65 and 6.93 for PFOA (ptrend = 0.003) 
and 3.43 and 5.79 for PFOS (ptrend = 0.005), respectively 
(Vagi et al. 2014). ORs were converted to RRs, which were 
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then converted to AFs using Levin’s equation, (Levin 1953) 
multiplied by the incidence of PCOS (2 per 1000 women 
based on a study of PCOS incidence in the United Kingdom) 
(Ding 2017) and the population of women age 15–45 years 
in the US (USCBureau 2020), and adjusted for baseline 
cases of PCOS (6.6%) (Azziz et al. 2004) to calculate the 
number of PFOA/PFOS-attributable cases of PCOS in 2018 
(Table S10).

The annual medical cost of PCOS in the US was esti-
mated as $4.37 billion for 4 million women or $1092 per 
PCOS case in 2004 dollars (Azziz et al. 2005). This cost 
estimate includes the annual cost of initial evaluation and 
treatment of associated menstrual dysfunction, infertility, 
T2D, and hirsutism. The cost per case was then multiplied 
by the PFOA/PFOS-attributable cases of PCOS and adjusted 
to 2018 dollars ($1452 per case) to determine the annual 
economic burden due to PCOS-related healthcare visits.

Couple Infertility

We quantified PFAS-attributable cases of couple infertil-
ity, defined as TTP > 12 months, based on exposure data 
from 2017 to 2018 NHANES in women of childbearing 
age (age 18–49 years). To calculate the OR for infertility in 
each exposure group, we leveraged data from a case–control 
analysis of 910 women nested within the Norwegian Mother 
and Child Cohort Study (Whitworth et al. 2012). Although 
TTP is a couple-based outcome, chemical exposures were 
measured only in women, a common limitation among TTP 
studies. We calculated a linearized OR for estimated serum 
PFOA/PFOS in each exposure group and assigned an OR 
for infertility based on the corresponding quartile from the 
Norwegian study. As with prior estimates, we converted the 
OR to a RR based on a prevalence rate of impaired fecun-
dity (13.1%) (CDC 2018) and subsequently calculated AFs 
using Levin’s equation (CDC 2018; Levin 1953). We mul-
tiplied the AFs by the incidence of infertility in 2018 (63.6 
per 10,000 women) and the US population of women age 
18–49 years and then adjusted for the baseline prevalence of 
infertility (13.1%) to quantify attributable cases of infertility 
(Table S11) (Boivin et al. 2007; Stahlman and Fan 2019).

We applied a 56% utilization rate of assisted reproduc-
tive technologies (ART) among infertile couples to assess 
cost (Boivin et al. 2007). The cost of a single fresh cycle 
of ART was valued at $63,530 in 2018 dollars. This cost is 
inclusive of direct maternal and infant costs from 27 weeks 
prior to delivery through the first year of an infant’s life and 
accounts for the increased rate of multiparity and premature 
births associated with ART (Crawford et al. 2016). This cost 
was multiplied by the PFOA/PFOS-attributable annual use 
of ART in 2018 to estimate the total cost.

Breast Cancer

We applied an OR of 1.26 per ng/mL of PFOA and 1.02 
per ng/mL of PFOS from a case–control study of 161 Inuit 
women in Greenland (Wielsoe et al. 2017). We then cal-
culated the ORs for PFOA/PFOS-associated breast cancer 
for each of our exposure centiles by multiplying the ORs 
from this study by the levels of exposure from 2017 to 2018 
NHANES among women age 18–49, assuming a reference 
level of 0.1 ng/mL below which we modeled no effect. The 
OR for each centile was converted to an RR, which was 
further transformed into an AF. PFOA/PFOS-attributable 
cases of breast cancer were then determined by multiply-
ing the weighted AFs by the population of women age 
18–49 years and the US breast cancer incidence rate (125.1 
per 100,000) and then adjusting for a baseline prevalence 
of 1.2% (Table S12) (US Cancer Statistics Working Group 
2020).

The PFOA/PFOS-attributable cases of female breast 
cancer were multiplied by the healthcare costs for the first 
6 months of a new breast cancer diagnosis. While there 
are varied lifetime cost estimates of having breast cancer 
depending on the different stages at which patients are 
diagnosed, $51,498 in 2018 dollars is the minimum esti-
mated cost a patient will incur throughout the first 6 months 
of diagnosis regardless of prognosis or odds of remission 
(Lamerato et al. 2006). As with kidney and testicular cancer, 
we calculated the indirect 10-year cost of breast cancer as 
lost DALY (0.288 for each year, valued at $50,000/year) 
over 10 years, discounting 3% per year for future preference 
(Neumann et al. 2014).

Pneumonia

To determine the PFAS-attributable increase in pneumonia 
infections among children age < 3 years, we utilized RRs 
of 1.27 (95% CI 1.12–1.43) and 1.20 (95% CI 1.07–1.34) 
for PFOA and PFOS, respectively, from an analysis of 
1270 maternal-child pairs in the Norwegian Mother and 
Child Cohort Study (Impinen et al. 2019). We applied the 
RR to each percentile grouping of maternal serum PFOA/
PFOS levels to calculate the increased risk of pneumonia 
and bronchitis among children age < 3 years as a result of 
in utero exposure to PFAS. The RR was then transformed 
to a weighted AF across all centiles using Levin’s equation 
(Levin 1953) and multiplied by the US population of chil-
dren age < 3 years and a weighted average incidence rate of 
49.4 per 10,000 children, as derived from the incidence rates 
of pneumonia in children < 2 years old and 2–4 years old, to 
obtain the PFOA/PFOS-attributable cases of pneumonia in 
children under age 3 (Table S13) (Jain et al. 2015).

The economic burden of pneumonia in children 
age < 3 years was constructed as a combination of the overall 
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direct cost of a pneumonia episode (emergency room visit, 
hospitalization, or outpatient treatment) and the indirect cost 
defined as lost parental weekly earnings. The average cost 
across all healthcare settings per case of pneumonia was 
determined to be $2952 in 2018 dollars (Tong et al. 2018). 
For the indirect cost, we multiplied the mean weekly earn-
ings of full-time wage and salary workers in 2014 ($113 
per diem) by the average length of stay for a pneumonia 
hospitalization (3.1 days) to obtain an indirect cost of $350 
in lost parental earnings per case or $372 in 2018 dollars 
(US Bureau of Labor Statistics 2021; Williams et al. 2018). 
We multiplied both costs by the number of PFOA/PFOS-
attributable cases to identify total direct and indirect costs.

Results

Risk-of-bias tools yielded consistent evaluations of the 
quality of articles used as sources for ERRs across the two 
reviewers. Among the systematic reviews, the Steenland 
et al. review of associations with LBW was identified as 
having low risk of bias except for its reliance on a single 
source for studies (PubMed), failure to identify whether a 
single author or multiple authors assessed studies for inclu-
sion and extracted data, and lack of risk-of-bias analysis. 
The Liu et al. review of childhood obesity and Kim et al. 
review of hypothyroidism were both identified to have low 
risk across all four domains by both authors. The Bartell 
et al. meta-analysis was based on data from articles identi-
fied in a prior review (Steenland and Winquist 2021) that 
also relied exclusively on PubMed, failed to identify who 
reviewed studies for inclusion and extracted data, and lacked 
a risk-of-bias analysis. Also, their calculations were based 
on data from only four studies of kidney cancer and two 
studies of testicular cancer. All four reviews appropriately 
considered the relevance of the identified research studies 
to the questions being considered and avoided emphasis on 
statistical significance, while two of the systematic reviews 
(Steenland and Bartell) were identified as probably (vs. con-
clusively) having addressed all concerns in the four domains. 
The overall risk of bias was identified as low for all four 
systematic reviews used (Table S15).

Both reviewers evaluated studies as definitely low risk of 
bias across all domains for subclinical hypothyroidism, T2D 
in females, childhood obesity, endometriosis, PCOS, and 
female breast cancer. The Meng et al. study of LBW, Zhang 
et al. study of GDM, and Impinem et al. study of pneumonia 
in children were judged by both reviewers to have potential 
live birth bias as a threat to internal validity, reducing the 
corresponding domain’s assessment to probably low risk of 
bias. Both reviewers identified the Whitworth et al. study 
of couple infertility as potentially having conception bias, 
yielding a probably low risk of bias for internal validity, as 

well. One reviewer (LK) noted that the Liu et al. study of 
adult obesity used data collected as part of a randomized 
controlled trial, meaning the results may not be generaliz-
able, and therefore evaluated the study as probably low risk 
of bias for internal validity. All of the evaluated studies at 
minimum had probably low risk of bias across all criteria, 
as evaluated by both reviewers (Table S16).

We identified PFOA-attributable disease costs in the 
US in 2018 of $5.52 billion across the five primary disease 
endpoints based on meta-analytic ERRs. This estimate rep-
resented the lower bound of possible costs, with our sensi-
tivity analyses revealing as much as $62.6 billion in overall 
costs of long-chain PFAS exposure. Attributable fractions 
for PFAS of disease burden ranged from 0.08% for testicu-
lar cancer due to PFOA to 30.7% for LBW due to PFOS 
(Table 4).

The largest economic contributor to the main estimate 
of disease costs attributable to PFAS was childhood obe-
sity ($2.65 billion). For childhood obesity, we also modeled 
a total lifetime direct medical cost of $4.56 billion due to 
PFOS exposure, which represents the incremental lifetime 
medical costs of a child becoming obese at age 10 relative to 
a child with normal BMI. Hypothyroidism in females con-
tributed $1.26 billion in annual cost. This is a composite 
value of $42.1 million in direct costs of new cases of hypo-
thyroidism and $1.22 billion in indirect costs as DALY lost 
over 10 years. The total PFOS-attributable cost for hypothy-
roidism in the sensitivity analysis was $5.18 billion. PFOA-
attributable kidney and testicular cancer contributed a total 
of $4.88 million in direct costs and $187 million in indirect 
costs as DALY lost over 10 years. LBW due to PFOA expo-
sure added $1.42 billion in healthcare expenditures annually; 
this estimate was a composite of $305 million due to direct 
costs of hospitalization associated with a LBW newborn and 
$1.11 billion attributable to lost IQ points associated with 
LBW. The cost estimates for PFOS exposure were substan-
tially higher: $2.94 billion due to hospitalization costs and 
$10.7 billion due to lost IQ.

The highest costs we identified in both the main and sensi-
tivity analyses were PFOS-attributable lifetime costs related 
to adult obesity, totaling $17.0 billion dollars annually. We 
estimated the PFOS-associated 15-year direct medical cost 
of obesity in newly obese 35-year olds as $3.21 billion, with 
$13.8 billion in QALY lost over the same 15 years. Other 
metabolic outcomes included T2D, for which the lifetime 
cost of PFOA-attributable annual incident cases in women 
was $140 million, and GDM, for which the low estimate 
totaled $414 million in annual costs due to PFOA exposure: 
$73.3 million in direct medical costs and $341 million in 
indirect costs of lost productivity secondary to adverse birth 
effects of GDM.

Women’s gynecologic and reproductive health outcomes 
were also major contributors to the total calculated for the 
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sensitivity analysis. Annual incident PFOA-attributable 
cases of endometriosis accounted for $397 million to $10.2 
billion in total costs, with $21.1 to $547 million due to direct 
medical costs over 10 years and $376 million to $9.76 billion 
due to DALY lost over the same 10 years. The annual cost of 
initial evaluation of PCOS and treatment of associated men-
strual dysfunction, infertility, T2D, and hirsutism generated 
at least $10.5 million PFOA-attributable cost estimate, with 
a higher estimate of $10.9 million. We estimated the cost of 
PFOA-attributable cases of couples seeking ART per annum 
to be at minimum $37.6 million ($1.66 billion upper bound) 
based on the price of a single embryo transfer ART cycle 
and the increase in medical costs associated with increased 
multiparity because of ART. For breast cancer due to PFOA 
exposure, we estimated $159 million in direct medical cost 
of utilization of healthcare services within the first 6 months 
of a new breast cancer diagnosis and $3.92 billion in DALY 
lost over 10 years. Finally, we estimated PFOA-attributable 
pneumonia in children < 3 years of age to cost the US medi-
cal system $1.49 to $22.5 billion annually due to treatment 
costs and indirect costs of parental absenteeism.

Discussion

PFAS contribute substantially to disease and disability in 
the US, with at least $5.52 billion and as much as $62.6 
billion in associated economic costs. Our study builds on 
prior papers that have examined the disease burden and costs 
associated with PFAS exposure by incorporating 13 health 
outcomes for which evidence is strongest and constructing 
a range of models to estimate disease burden and economic 
costs. The findings suggest that the cost of remediation and 
of substituting PFAS with safer alternatives in consumer 
products may well be justified by the large economic costs 
of adverse health outcomes associated with PFAS exposure.

These estimates are highly conservative for multiple 
reasons. We did not include outcomes reported by the C8 
Science Panel that were not confirmed in general popula-
tion studies, as those associations were identified in a highly 
exposed population and our focus was on estimating the dis-
ease burden and economic costs due to routine exposure. 
We also did not include endpoints for which not enough 
consistent evidence has accumulated, such as prematurity, 
attention-deficit hyperactivity disorder, and lowered IQ in 
children resulting from prenatal exposure, and prostate can-
cer in adult men (Kahn et al. 2020). We based our minimum 
estimate on the costs associated with a single PFAS (PFOA) 
for each exposure-disease association and did not aggregate 
costs across multiple members of the PFAS class, when evi-
dence suggests additivity and synergy in this class of > 4700 
chemicals (Chohan et al. 2020). We quantified disease bur-
den for only those associations with strongest scientific 

evidence for probable causation. We aggregated published 
costs for each of the diseases considered, but our calcula-
tions do not capture the real and substantial social costs such 
as pain and suffering to patients with PFAS-attributable con-
ditions and effects on their loved ones (Cordner et al. 2021).

Our approach has several limitations. Our analysis relies 
on previously conducted studies to provide ERRs between 
PFOA/PFOS exposure and the outcomes of interest. These 
studies may not be generalizable to the current US popula-
tion due to recent shifts away from the use of PFOA and 
PFOS in manufacturing; indeed, median serum levels of 
PFOA and PFOS in the US have declined substantially from 
2007–2008 to 2017–2018, although production of—and con-
sequent human exposure to—replacement PFAS, such as 
GenX, which are at least as toxic as PFOA (United States 
Environmental Protection Agency 2021), have increased. 
Despite the vast literature that exists on the endocrine-dis-
rupting effects of PFAS, there have yet to be large cohort 
studies to evaluate the longitudinal effects of PFAS exposure 
in humans and decades of epidemiologic data are required 
before causation may be acknowledged and attributable dis-
ease burden calculated with more certainty. However, the 
risk-of-bias assessments yielded probably to definitely low 
risk of bias, and the stakes of inaction are high enough to 
justify action. It is also important to note that there is likely 
an overlap in some of the indirect costs modeled in our anal-
ysis due to high rates of comorbidity of endocrinopathies, 
e.g., the indirect lifetime costs of adult obesity may overlap 
with the costs of T2D.

Despite the limitations of our analysis, our models pro-
vide an approximation of the scope of the disease burden and 
associated costs attributable to exposure to these ubiquitous 
chemicals. As more research investigates the endocrine-
disrupting effects of other chemicals in the PFAS class cur-
rently prevalent in manufacturing processes, it is likely that 
the PFAS-attributable disease burden and associated costs 
will continue to increase, further strengthening the case for 
regulation of the entire class of chemicals. Further action 
is urgently needed to limit these exposures from a health 
equity perspective, as exposure to these chemicals is not 
distributed equally throughout the US population and there 
are subsets who bear more of a burden, e.g., those who live 
near airports, military installations, and industrial plants 
(Attina et al. 2019).

Conclusion

The present study identifies at least $5.52 billion in annual 
disease burden and associated social costs of current annual 
exposure to long-chain PFAS with our sensitivity analyses 
revealing as much as $62.6 billion. Regulatory action to 
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limit ongoing PFAS use and remediate contaminated water 
supplies may produce substantial economic benefits.
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e L̂SYNfWgYTN1E-/7!���$�J.2��,4(�/7!�
"��"�)(����8�h����H*�(9�0Qij�6�����
3�9,'�(��6�'"�,��6�'��7�!-�17�89-��
7��!��8�7IkK!���*��7�=-2�>�)(���*�
��)(�����,�5�, �>(.�')(�"'>��)4(��
),'��()�)4�@�,4�,�(9"�)'�(�,��(�.4��6�
,4()(��*��5��'���6�'��7�!-�(��.�,)�)�3(�
�6�,4(�)�3(����)�3�������5(�)(�4(��,4�
(66(.,)��',.�3()��!)�*�,(���>�5(��3�* �
.�33(*,(�)���)�@(����)�,4(�-!=�
1E-/7!���$���2��)'""��,(��,4�)�
.�*.�')��*��6���)(�����,�5�, �>�)(���*�
)�3�����, ��6���5(�)(�(66(.,)��
l4��(�,4(�-!=���)��*�,(��,4�,�,4(�(�

�(3��*�)�3(�G'(),��*)��>�',�7�!-�
�*,(��.,��*��*�3�9,'�()�1E-/7!���$���2��
,4(��5����>�(���,��m'),�6 ��*��""���.4�
,4�,��..�'*,)�6���7�!-���)(�����,�5�, ��
-,'��()�,4�,�4�5(��))())(��7�!-�
3�9,'�(:>�)(��(66(.,)����*�,��66(��
(5��(*.(�6���) *(�+�),�.��*,�+�*�),�.�
(66(.,)�1E-/7!���$�%�2������(9�3"�(��
0��,�*�(,�����1�$�?2��6����@�*+����(5�(@�
�6�3��(�,4�*�?��$$�3�9,'�(�),'��()�
1)(�(.,(��6��3�n�?$�$$$��("��,)2��
.�*.�'�(��,4�,�,4(�(�@�)���,,�(�(5��(*.(�
6���) *(�+ �����*,�+�*�)3��3�*+�
.4(3�.��)��*�3�9,'�()��*��,4�,���)(�
����,�5�, �)4�'���>(�.�*)��(�(���)�,4(�

�(6�'�,��/9"(��3(*,�����,���(3�*),��,(�
,4�,�7�!-���)�'",�)�+*���*+��*�3'�,�"�(�
>����+�.���"�,4@� )��()'�,�*+��*�
.�33�*���5(�)(�(66(.,)��*�)(5(�����6�
,4(�)�3(�>����+�.���) ),(3)��*��
6'*.,��*)��*.�'��*+�,4 �����4��3�*(�
)�+*���*+����"���) *,4()�)��*��
3(,�>���)3���(5(��"3(*,���,�9�.�, ��
�*���33'*(��*����5(��6'*.,��*�1E-/7!�
�$�%�2��!���,��*��� ��)(5(����/7!�I66�.(�
�6�&()(��.4��*��K(5(��"3(*,�1I&K2�
),'��()�"��5��(���>'),�(5��(*.(�,4�,�
7�!-�>(4�5(��*�����)(:����,�5(�3�**(��
1Q�*�( �(,�������$���R�Q�*�( �(,������
�$��>R�Q�*�( �(,�������$�JR�j�� �(,������
�$�J2��

-(5(����.�33(*,(�)��""�)(��,4(�
.�*.�')��*��6���)(�����,�5�, �>�)(���*�
)�3�����, ��6���5(�)(�(66(.,)��*��),�,(��
,4�,�,4(�/7!�6���(��,��(),�>��)4�,4�,�,4(�
6�'��7�!-��*.�'�(���*�,4(�8�h����H*�(9�
17�89-��7��!��8�7IkK!���*��7�=-2�
(��.�,�)�3�������5(�)(�4(��,4�(66(.,)��;4(�
/7!���)�+�(()�@�,4�,4()(�.�33(*,)�
>(.�')(�,4(��5����>�(�("��(3����+ ��*��
�*�3���,�9�.���+ �),'��()��(3�*),��,(�
,4�,�,4()(�6�'��7�!-�17�89-��7��!��
8�7IkK!���*��7�=-2�4�5(�3'�,�"�(�
4(��,4�(*�"��*,)��*���',.�3()��*�
.�33�*�1E-/7!���$�%62���'�,4(���,4()(�
6�'��7�!-���(�@(��:),'��(��7�!-�6���
@4�.4�,4(�/7!����!;-K&�4�5(�
�(5(��"(��4'3�*�4(��,4��))())3(*,)�
�*��,�9�.�, �5��'()�1LoYopN&6K)��3�*�3���
��)<��(5(�)2��!)�)4�@*��*�;�>�(�?��
�5����>�(��*�3���,�9�.���+�.�����,���*���
���("��(3����+�.���),'��()��(3�*),��,(�
,4�,�7�89-��7��!��8�7IkK!���*��
7�=-���(���.'3(*,(��,���66(.,��,��(�),�
6�5(�1q2��6�,4(�)�3(�4(��,4��',.�3()�6���
,4�)�(5��'�,��*F���"��)���(5(��"3(*,����
�33'*(��(*��.��*(���*��4(3�,���+�.�
1E-/7!���$�%+2��-�3����� ���..����*+�,��
,4(��$�J�H*,(��+(*. �7�!-�&("��,�,��
Q�*+�())�1E*�,(��-,�,()�I-;7���$�J2��
�5����>�(��*�3���,�9�.���+�.�����,��)4�@�
,4�,�7�89-��7��!��8�7IkK!���*��
7�=-���(���.'3(*,(��,��)�+*�6�.�*,� �
�66(.,��,��(�),�(�+4,�1�2��6�,4(�)�3(�3�m���
4(��,4�(66(.,���3��*)F�>�� �@(�+4,��
�()"���,�� ��4("�,�.���(*����(*��.��*(��
�33'*���+�.�����("���'.,�5(���*��
�(5(��"3(*,����H*�)4��,��3'�,�"�(�
(5��'�,��*�(66��,)�4�5(�.�(��� �
�(3�*),��,(��,4�,�(�.4��6�,4(�7�!-�
�(+'��,(��> �,4�)��7Kl&��3"�.,�
*'3(��')��6�,4(�)�3(����)�3�����4(��,4�
�',.�3()������3��*)��

rstuvwsxysz{||}~�|�x ~����x�ztx~��x~�~� ��wx~�~��| ��x����� �t�x���~| ��wx���| y��wx���� ���������~����~�y�� ~����~�
�
t�
�
�
s
��s
tx
�
�
xu
y
�
|
~
�
�
�
~
�
�
�
�
u
x�
�w�
x�
�
 
�
y
~



������ ������	�
������������������������������� !�����"���#�$�%&�'(��)��%'*&��+��)(�

,)�(&--�����+.'�'��(�(&/(+�)+����
'0��')1'�+.�+�-�2+&�'(��3�4�526��
4�� ��5�4789 ���)��4�:6��1+��)���
��(';����+�0'�-�))'���)��'��1�+�
-&�+�!�'�(�-�����+�2�1���*�1���'33'1+(��
6+&��'(�/��+.'�<4 ��)���+.'�(�!��0��'�
'0��')1'�+.�+�1����/���+'(�+.'���(';�
����+�0'�+�2�1�+���3�4� 6�-�2+&�'(���)��
��+���)���33'�')+�1.'-�1���1��(('(��)��
�'('��1.���(��!��0��'�(&!!��+�3�����('�
����+�0�+��� ���+��)������)&-'��&(�=>?
@=@A?�)��=>?@=BCA?(+&��'(��'-�)(+��+'�
+.�+�+.'('�3�&��4� 6�(.��'�-�)��
1�--�)�.'��+.�'33'1+(��1��((���0'�('�
.'��+.��&+1�-'�1�+'*���'(�DEFGFH?
�'0'��!-')+�����--&)���*�1�����)��
')��1��)'�'33'1+(I���)��+.�+�+.'���)�&1'�
(�-'��3�+.'�(�-'�'33'1+(��+�+.'�
-��'1&�����'0'�����)*�/����*�1���
!�+.J��(�DK6<4 ���#�$3I��

LF?MBNBOBACP?LC=BEC=A>?QRSTTOCCE>TE?

U.'�<4 �.�(��'+'�-�)'��+.�+�+.'�'��(�
��(&/(+�)+������V'��.����+.�+�4�526��
4�� ���)��5�4789 �J�����)��0��&�����
�11&���)��1�-/�)�+��)(��3�+.'('�+.�''�
4� 6��)��4�:6�J����1�;�11&���)�
-�2+&�'(��)�4W6(�J�+.���3�'X&')1���)��
�+��'0'�(��3�!&/��1�.'��+.�1�)1'�)�/�('��
�)�+.'�<4 Y(�'0��&�+��)��3�+.'�/'(+�
�0����/�'��11&��')1'��)3��-�+��)��,)�+.�(�
!�'�-/�'��J.��'�+.'�<4 ��(�-�V�)*���
3�)����'+'�-�)�+��)�+���'*&��+'�4�:6��)�
-�2+&�'(�J�+.�4�526��4�� ���)�����
5�4789 ��+.'��*')1���(��'3'���)*�+.'�
3�)����)��0��&����'*&��+����
�'+'�-�)�+��)�3���4�:6�(��+.�+�+.'�
�*')1��1�)�1�)+�)&'�+��'0��&�+'�+.�(�
1�)+�-�)�)+��'��+�0'�+��+.'�69W �

1��+'����3����'*&��+��)��!��+�1&������
�'��+'��+���+(��)��0��&���V)�J)������V'���
�11&��')1'������+.'��+.'��+.�''�4� 6��
+.'�<4 ��(�-�V�)*���3�)����'+'�-�)�+��)�
+���'*&��+'�+.'-��)��0��&������)�+.�(�
!�'�-/�'�D=FEFH?4�526��4�� ���)��
5�4789 I��U.'�<4 ��'1�*)�Z'(�+.'�'�
J����/'�����+��)����11&��')1'�����+.'��
�'�'0�)+��)3��-�+��)�3���+.'('��)���+.'��
4� 6��)�+.'�3&+&�'��U.'�<4 �.�(��
.�J'0'����'+'�-�)'��+.�+�+.'�'��(�-��'�
+.�)�(&33�1�')+��11&��')1'��)3��-�+��)�
+��(�+�(3��+.'�(+�+&+����1��+'���)�+��
�'*&��+'�4�� ��4�526���)��5�4789 ��
U.'�<4 Y(�'0��&�+��)��3�+.'�('1�)��

(+�+&+����1��+'���)�3����'*&��+��)��3�
4�526��4�� ���)��5�4789 �
�)��0��&������)���'*&��+��)��3�
1�-/�)�+��)(��3�+.'('�4� 6��)��4�:6�
�)�-�2+&�'(�3����J(���(�-�����!��1'((�+��
!�'0��&(���&)�(��3��'*&��+����
�'+'�-�)�+��)(��)1�&��)*�+.'�J��++')�
4��+�1����'0'��!'��&)�'��%'*&��+����
9'+'�-�)�+��)�[�DK6<4 ���#\$�I��)��
��(���'(1��/'���)��'+�����)�+.'�
4�'��-�)����%'*&��+����9'+'�-�)�+��)�$�
DK6<4 ���#�#�I��K(�)*�+.'�4��+�1�����)��
�(�1�)�&1+'��3���+.'��'*&��+����
�'+'�-�)�+��)(��)�+.�(��1+��)��+.'�
�*')1��1�-!��'(��0����/�'��11&��')1'�
��+���'��+�0'�+��+.'�1�)+�-�)�)+�5%]����
.'��+.;/�('��1�)1')+��+��)��*��)(+�
J.�1.�+.'��*')1��'0��&�+'(��11&��')1'�
��+��J.')�-�V�)*��'*&��+����
�'+'�-�)�+��)(���(���!�'��-�)����3�1+���
�)��)3��-�)*�+.'��'0'���3�!&/��1�.'��+.�
1�)1'�)������/�+.�+.�(��'*&��+����
�'+'�-�)�+��)��)��!�'0��&(��'*&��+����
�'+'�-�)�+��)(��+.�(��(�+.'�3��(+�

(1�'')�)*�3�1+����)��)3��-�)*��3�+.'�'��(�
��(&/(+�)+������V'��.����+.'�1�)+�-�)�)+�
J�����11&���+���3�'X&')1���)���'0'���3�
!&/��1�.'��+.�1�)1'�)��̂�)(�(+')+�J�+.�
+.'�4��+�1����)��(�-�����+������!�(+�
�'*&��+�����'+'�-�)�+��)(��+.'('�
�'*&��+�����'+'�-�)�+��)(���'���(��/�('��
�)��+.'��3�1+��(��)�+�_&(+�+.'����'1+�
1�-!���(�)�+��+.'�5%]�� (��'(1��/'��
1�'������)�+.'�!��!�(����+.'�<4 �.�(�)�+�
/'')��/�'�+���'+'�-�)'���(�-!�'�
+.�'(.�����3�!&/��1�.'��+.�1�)1'�)�3���
����1�)+�-�)�)+(�+.'��*')1��1�)(��'�(�
3����'*&��+��)�&)�'��69W ̀���+.'����+��(�
��1�)+�-�)�)+;(!'1�3�1��'1�(��)�J.�1.�
aa�)0��0'(�1�)(��'��+��)��3���)&-/'���3�
3�1+��(��(�-'��3�J.�1.��)1�&�'�+.'��'0'��
�+�J.�1.�+.'�1�)+�-�)�)+��(�3�&)���)�
���)V�)*�J�+'���+.'�3�'X&')1���+�J.�1.�
+.'�1�)+�-�)�)+��(�3�&)���)���+�J.�1.�
�+�1�;�11&�(�J�+.��+.'��1�)+�-�)�)+(��
J.'+.'��+.'�'��(��)�(&(+��)'��&!J����
+�')��+.�+�+.'('�1�)+�-�)�)+�J�����11&��
�+���3�'X&')1���)���+��'0'�(��3�!&/��1�
.'��+.�1�)1'�)��+.'�*'�*��!.�1�
��(+��/&+��)�D)�+��)�����'*��)���������1���
�11&��')1'I��+.'��-!�1+'��!�!&��+��)��
.'��+.�'33'1+D(I��+.'�!�+')1���3�+.'�
1�)+�-�)�)+���+.'��!�((�/�'�(�&�1'(��3�
'2!�(&�'���)��!�+')+�����-!�1+(��)�
(')(�+�0'�!�!&��+��)(������3'(+�*'(�YY�
DK6<4 ���#�[3I��,+���(���)1�&�'(�
1�)(��'��+��)��3�!���&1+��)��)��&('�
+�')�(��)��')0���)-')+���3�+'��)��
+��)(!��+�!���-'+'�(�J.�1.�-���
�)��1�+'�+.�+�+.'�1�)+�-�)�)+�J�&���
!'�(�(+��)�����/'�-�/��'��)�J�+'���
 !!��!���+'����+.'�<4 �.�(�1�)(��'�'��
+.'('��'�'0�)+�3�1+��(��)��+(�'0��&�+��)�

bcdefgchicjkllmnolph noqrphsjdhntuhnonp vwghnxnool yzhooooo {d|hooonn {|ghp}ol i~|ghp}oo �q�{��{��nxsy�n�i�� nxsy�n

�
�
n
x
s
y
n
p
�o
o
l
k
��
y
�
m

�
�
d�
|
�
c
��c
dh
�
�
he
i
�
l
n
o
�
�
n
r
y
�
z
e
h�
�g�
h�
�
�
�
i
n



������������	�
������������������������������� !�����"���#�$�%&�'(��)��%'*&��+��)(�

+,�+�+,'�'��(���(&-(+�)+������.'��,����+,�+�
/�012��/�� ���)��0�/345 �6����
�)��7��&������88&���)��8�9-�)�+��)(��:�
+,'('�+,�''�/� 2��)��/�;2�6����8�<�
�88&���)�9�1+&�'(��)�/=2(�6�+,���
:�'>&')8���)���+��'7'�(��:�!&-��8�,'��+,�
8�)8'�)��
?,'�@/ A(�'7��&�+��)��:�+,'�('8�)��
(+�+&+����8��+'���)��(�-�('���)�+,'�-'(+�
�7����-�'�,'��+,��):��9�+��)��6,�8,�
�)8�&�'(�BCD%�E���+���)��9��'��'8')+�
/� 2����).�)*�6�+'����+��8���'8+'��-��
('7'����(+�+'(��;�('���)�(&**'(+��)(��)�
!&-��8�8�99')+(�+��&!��+'�(+�+'�
�88&��')8'���+���+,'�@/ �(&!!�'9')+'��
+,'���+��&('��+���):��9�+,'��&�'�
!��!�(���6�+,�)'6���+��:��9�(+�+'(�
�)8�&�'���)�+,'����*�)���!��!�(����)��
����+��)���(+�+'(�+,�+�,�7'�9��'�
9�)�+���)*���+��!&-��8����7����-�'�(�)8'�
+,'��&�'�!��!�(���FB2@/ ���#�$-G��
C�)(�(+')+�6�+,�('8+��)�H$H�F-GFHGF;GFIIG��
+,�(��):��9�+��)�8�9-�)'���'!�'(')+(�
-'(+��7����-�'��88&��')8'���+���I+�
�)8�&�'(��'(&�+(�:��9�+')(��:�+,�&(�)�(�
�:�(�9!�'(��)��+,'��(('9-�'����+��
�'!�'(')+��)'��:�+,'�9�(+���-&(+�
�88&��')8'���+�('+(�'7'��&('��+���):��9�
�'7'��!9')+��:������).�)*�6�+'��
�'*&��+��)��:���!�'7��&(���&)�'*&��+'��
8�)+�9�)�)+��?,'�(+�+'���+��6'�'�
!��9������*�+,'�'���:+'��+,'�BCD%�E�
&(�)*��9!��7'���)���+�8���9'+,��(�+,�+�
8�&���9'�(&�'�9��'�/� 2��+���6'��
8�)8')+��+��)(��?,'('�����+��)�����+��
�'9�)(+��+'�*�'�+'���88&��')8'��)��8�<�
�88&��')8'��:�+,'�/� 2�9�)�+��'��
&)�'��BCD%�E�F/�012��/�� ���)��
/�;2G��+�(�*)�:�8�)+���*�'�+'��
:�'>&')8�'(�+,�)�BCD%�E��)��+,'���+��
�)�+�������)8�&�'���)�+,'��)���(�(��
�&�+,'�9��'��+,'�(+�+'���+��(,�6�+,'�8�<�
�88&��')8'��:�/� 2��+��'7'�(��:�!&-��8�
,'��+,�8�)8'�)���(�6'����(�+,'�
�'9�)(+��+'���88&��')8'��)��8�<�
�88&��')8'��:�0�/345 �6,�8,�6�(�)�+�
�)8�&�'��6�+,�)�BCD%�E�� (���(8&(('��
(&-('>&')+����+,'('���+���'9�)(+��+'�
+,�+�+,'�'��(���(&-(+�)+������.'��,����

/�012��/�� ���)��0�/345 �6����
�88&���)��8�9-�)�+��)(��:�/�012��
/�� ��0�/345 ���)��/�;2�6����8�<�
�88&���)�9�1+&�'(�6�+,���:�'>&')8���)��
�+��'7'�(��:�!&-��8�,'��+,�8�)8'�)��=,')�
�'+'�9�)�)*�+,�+�+,'�'��(���(&-(+�)+����
��.'��,����/�012��/�� ���)��0�/34�
5 �6�����88&���)��/�012��/�� ��
0�/345 ���)�����/�;2�6����8�<�88&���+�
�'7'�(��:�!&-��8�,'��+,�8�)8'�)��+,'�@/ �
8�)(��'�'��-�+,�+,'��88&��')8'�
8�)8')+��+��)��'7'�(�:���/�012��/�� ��
�)��0�/345 ��)��7��&�������(�6'����(�
+,'���8���'8+�7'�8�<�88&��')8'��)��
8���'(!�)��)*���('�����+�7'�,'��+,�
8�)8'�)(�:��9�8�<'1!�(&�'(�6�+,�/�;2�
:���!&�!�('(��:�8�)(��'��)*����'*&��+����
�'+'�9�)�+��)�:���9�1+&�'(��:�+,'('�:�&��
/� 2��?,'�@/ ���(��8�)(��'�'���+,'��
:�8+��(��)�'7��&�+�)*�+,'�('8�)��
8��+'���)��)���):��9�)*��'7'���:�!&-��8�
,'��+,�8�)8'�)�:���/�012��/�� ���)��
0�/345 ��)��7��&������)��
8�9-�)�+��)(��:�+,'('�+,�''�/� 2��)��
/�;2��)�9�1+&�'(���)8�&��)*�+,'�
:�'>&')8���+�6,�8,�+,'�8�)+�9�)�)+��(�
:�&)���+,'�*'�*��!,�8��'!�'(')+�+��)��:�
+,'�8�)+�9�)�)+A(��88&��')8'���)��+,'�
')7���)9')+���:�+'��)��+��)(!��+�
8,���8+'��(+�8(��:�+,'�8�)+�9�)�)+�� (�
+,'�@/ �)�+'��!�'7��&(����6,��'�+,'�
�*')8���(�)�+�9�.�)*��)��)��7��&���
�'*&��+�����'+'�9�)�+��)�:���/�;2��+�
+,�(�+�9'��/�;2��(��)��9!��+�)+�
8�9!�)')+��)�9�1+&�'(�6�+,�/�012��
/�� ���)��0�/345 ��)��+,'�@/ �
!�'(')+(��88&��')8'��):��9�+��)�:���
/�;2��(�!��+��:�('8+��)�III�C�J��)���+(�8�<�
�88&��')8'��)���('(��)�('8+��)(��I�C�
�)��5��:�+,�(�!�'�9-�'��
?,'�@/ �:�8&('��+,'�'7��&�+��)��:�+,'�

(+�+'���+���)�+,'�)�)<+��*'+'�����)�)<�
(�+'�(!'8�:�8�FKLMLNO9�)�+���)*�)�+�
8�)�&8+'��(!'8�:�8������)���'�(��:�
.)�6)����!�+')+����8�)+�9�)�+��)G�
9�)�+���)*�'::��+(�:��9�H��(+�+'(����)<�
+��*'+'�����)�)<(�+'<(!'8�:�8�9�)�+���)*�
�(���.'���+��-'�9��'��'!�'(')+�+�7'��:�
*')'�����88&��')8'�-'8�&('��+(�

:��9'6��.��)��9�)�+���)*��'(&�+(�6����
-'��'((���.'���+��!�+')+�������7'�<�
�'!�'(')+�8�)8')+��+��)(��+���8�+��)(��:�
.)�6)����(&(!'8+'��8�)+�9�)�+��)��
2�1+'')�FH"G��:�H��(+�+'(��'!��+'��
�'+'8+��)(��:��+��'�(+�+,�''��:�/�012��
/�� ��0�/345 �����/�;2��

?,'�@/ �8�)(��'�'��+,'�+��*'+'��(+�+'�
9�)�+���)*���+��('!���+'���(�)8'���
,�*,'����+'��:��'+'8+��)(�9����88&���(�
���'(&�+��:�(!'8�:�8��������.�)*��)���'�(�
�:�(&(!'8+'�����.)�6)�8�)+�9�)�+��)��
����+,'�+��*'+'��(+�+'���+��)'���������
+,'('�(+�+'(���(���'!��+'���'+'8+��)(��+�
(�(+'9(�('�7�)*�9�����)(��:�����+��)���
!'�!�'���(�6'����(��+��'7'�(��:�!&-��8�
,'��+,�8�)8'�)��-�+,��)��7��&�����:���
/�012��/�� ���)��0�/345 ���)���(�
9�1+&�'(��:�+,'('�+,�''�/� 2��)��/�;2��
2+�+'���+���'+'8+��)�:�'>&')8���)��
8�)8')+��+��)��'(&�+(�7����:���/�012��
/�� ��0�/345 ���)��/�;2��-�+,�
-'+6'')�+,'('�:�&����::'�')+�/� 2��)��
�8��((���::'�')+�(+�+'(��6�+,�(�9'�(+�+'(�
(,�6�)*�9&8,�,�*,'���'!��+'��
�'+'8+��)(��)��8�)8')+��+��)(��:�+,'('�
/� 2�+,�)��+,'�(��?,'��7'������'(&�+(�
�'9�)(+��+'�+,'�(&-(+�)+������.'��,����
+,�+��)��7��&�����/�012��/�� ���)��
0�/345 ��)��9�1+&�'(��:�+,'('�+,�''�
/� 2�6�+,�/�;2�6�����88&���)��8�<�
�88&���+�:�'>&')8�'(��)���'7'�(��:�!&-��8�
,'��+,�8�)8'�)��?�-�'(����)��E�(,�6�+,'�
!'�8')+��:�(�9!�'(�6�+,�(+�+'��'!��+'��
�'+'8+��)(��:�/�012��/�� ��0�/345 ��
�)��/�;2���)��+,'�!'�8')+�*'��:�
9�)�+��'��(�(+'9(�6�+,��'+'8+��)(��:�
/�012��/�� ��0�/345 ���)��/�;2��
�'(!'8+�7'�����8��((�+,'�)�)<+��*'+'��
(+�+'�:�)�(,'��6�+'��9�)�+���)*���+���
?,'�@/ �)�+'(�+,�+� ��-�9���(�)�+�
�)8�&�'���)�?�-�'(����)��E��(��)���
�'+'8+��)(�6'�'��'!��+'���)��+,'�'�6�(�
)���):��9�+��)��)�+,'�+�+���)&9-'���:�
(�9!�'(�8���'8+'��+���'+'�9�)'�!'�8')+�
�'+'8+��)��
PQRRQSTUVWXYUZ[Z\][\]̂U

_̀abcd̀ef̀ghiijklime klnomepgaekqreklkm stdekuklli vwelllll xayelllko xydemzli f{ydemzll |n}x~}x�}kupv~k�f�� kupv~k�
�
a�
y
�̀
��̀
ae
�
�
eb
f
�
i
k
l
~
�
k
o
v
~
w
b
e�
�d�
e~
�
�
|
f
k



������ �����	
������������������������������ ��!"�����#���$�%�&'�()��*��&(+'��,��*)�

-./012.34.567789:7;3 9:<=;3>5/39?@39:9; AB239C9::7 DE3::::: F/G3:::9; FG23;H:7 4IG23;H9? J<KFLKFMK9C>DL9N4OM 9C>DL9

J
L
9
C
>
D
9
;
N:
:
9
6
PO
D
Q
8

R
R
/S
G
T
.
UU.
/3
V
W
30
4
X
7
9
:
L
Y
9
=
D
L
E
0
3Z
[2T
3L
\
]
J
4
9



������������	�
������������������������������� !�����"���#�$�%&�'(��)��%'*&��+��)(�

,-..-/01234516768978921

 (�(:�;)��)�<�=�'(����)��>������(+�+'(�
'?@'!+�+:�''��'!��+�(�A!�'��)��(�(+'A�
�'+'@+��)(�B����+��'�(+�+:�''��B�+:'�B�&��
C� D������+:�('�(+�+'(�+:�+��'!��+'��
�'+'@+��)(��+:'�!'�@')+�*'��B�(�A!�'(�
�)��(�(+'A(�;:'�'�+:'('�C� D�;'�'�
B�&)����)*'��B��A�E�+��>����!'�@')+��)��
#�E�+��>��E�!'�@')+���'(!'@+�F'����G:��'�
+:'('�!'�@')+�*'(�(:�;��@@&��')@'�
F����=���+���@��((�(+�+'(��('F'�����B�+:'('�
(+�+'(��'A�)(+��+'�+:�+���(�*)�B�@�)+�
)&A='���B�(�A!�'(�HIJKJLM�'+'@+��)(��B�
C�N?D��)��"���!'�@')+��B��';�O'�('��
(�A!�'(P��)��(�(+'A(�HIJKJLM�'+'@+��)(��B�
N�CQRS ��)�E����!'�@')+��B�A�)�+��'��
(�(+'A(��)�T')+&@U�P�@�)+��)�(�A'����
����B�&��C� D��<:�(��@@&��')@'�
�)B��A�+��)���(�;'����(�+:'�(!'@�B�@�
��(@&((��)��'��+'��+���)��F��&���
�@@&��')@'�B���C�N?D��C�� ���)��
N�CQRS ��)��@�V�@@&��')@'��B�+:'('�
+:�''�C� D��)��C�WD��(&!!��+(�+:'�
�*')@�X(��'+'�A�)�+��)�+:�+�+:'�'��(���
(&=(+�)+������U'��:����+:�+�C�N?D��

C�� ��N�CQRS ��@@&���)��C�N?D��
C�� ��N�CQRS ���)��C�WD�@�V�@@&���)�
@�A=�)�+��)(��B�A�?+&�'(�;�+:���
B�'Y&')@���B�!&=��@�:'��+:�@�)@'�)��
 ���+��)������+:'��*')@��'A!:�(�Z'(�
+:�+��@@&��')@'��)��@�V�@@&��')@'��B�
+:'('�C� D��(�)�+��)����+����'*��)������
��@����'F'�����+:'���+�@�F'�(�A�)��(+�+'(�
+:��&*:�&+�+:'�@�&)+��[�+:'�'B��'����
)�+��)����'F'���'*&��+��)��(�)'@'((����+��
')(&�'����� A'��@�)(�('�F'��=��CGD(�
��'�'Y&�����!��+'@+'���

E��C�N?D�

<:'��@@&��')@'���+��!�'(')+'���=�F'��
+:��&*:�&+�('@+��)��\��B�+:�(�!�'�A=�'�
�)����(@&(('���)�+:'�]D̂C �H�#�$=P�
(&!!��+�+:'��*')@�X(�B�)����'+'�A�)�+��)�
+:�+�+:'�'��(���(&=(+�)+������U'��:����
C�N?D��@@&�(�;�+:���B�'Y&')@���)���+�
�'F'�(��B�!&=��@�:'��+:�@�)@'�)��)�
���)U�)*�;�+'��(�(+'A(��@��((�+:'�
])�+'��D+�+'(��C�N?D�;�(�B�&)��&)�'��
]_̀ %�>��)��!!��?�A�+'���E�E�!'�@')+��B�
(�(+'A(��('�F�)*�a�b�A�����)�!'�!�'�

�@��((��a�(+�+'(��<��='(���)��]�D��
+'���+���'(��N�;'F'���&)�'��]_̀ %�>��+:'�
A�)�A&A��'!��+�)*��'F'��B���C�N?D�;�(�
>#�)*�c�� (�+:�(��'!��+�)*��'F'���(�+:�''�
+�A'(�*�'�+'��+:�)�+:'�:'��+:V=�('��N%c�
B���C�N?D�HE#�)*�cP���+��(�'?+�'A'���
��U'���+:'�'��(�(�*)�B�@�)+���*�'�+'��
�@@&��')@'��)���((�@��+'��!�!&��+��)�
'?!�('���)�+:'���)*'�='+;'')�+:'�N%c�
�B�E#�)*�c��)��+:'�]_̀ %�>�A�)�A&A�
�'!��+�)*��'F'���B�>#�)*�c�H�(�
�'A�)(+��+'��=��=�+:�+:'�A��'��'@')+�
(+�+'���+���)��+:'�̂C X(��@@&��')@'�
A��'����(@&(('���)�+:�(�('@+��)��)���)�
('@+��)��\��B�+:�(�!�'�A=�'�(:�;�)*�
A�)���'(&�+(��)�+:�(�@�)@')+��+��)�
��)*'P��<:��&*:��)���(�(��B��F����=�'�
(+�+'���+���;:�@:�@�)(�(+'���B�
�!!��?�A�+'���$��###�(�A!�'(�;�+:�)�
E��"##�(�(+'A(��E���&+��B�+:'�E��(+�+'(�
+:�+�@�)�&@+'��)�)V+��*'+'��A�)�+���)*�
:����'!��+'���'+'@+��)(��B�C�N?D��)�E�>�
+��>����!'�@')+��B�+:'���(�(+'A(�H<�=�'(�
���)��>P��<:'('�(�A'�(�(+'A(��'!��+'��
@�)@')+��+��)(���)*�)*�B��A�#���+���a"�

defghiejkelmnnopqnrj pqstrjulfjpvwjpqpr xyijpzpqqn {|jqqqqq }f~jqqqpv }~ijr�qn k�~ijr�qq �s�}��}��pzu{�p�k�� pzu{�p

�
�
p
z
u
{
p
r
�q
q
t
m
��
{
�
o

�
�
f�
~
�
e
��e
fj
�
�
jg
k
�
n
p
q
�
�
p
t
{
�
|
g
j�
�i�
j�
�
�
�
k
p



������ �����	
������������������������������ ��!"�����#���$�%�&'�()��*��&(+'��,��*)�

*+�-�.�,/�0(���*�)�0"�(�
1�*1(*,��,��*)���*+�*+�2��0�3�34�,��3��3�
*+�-���(0�*),��,�*+�1�*1(*,��,��*)�
�5�6(�,/(�7&-��2�3$�*+�-��
8��+(,(��),�,(�0�*�,���*+���,���2�
9�7:;�)/�.�)�0������()'�,)������
(:�0"�(���*��,)�,��+(,(��0�*�,���*+�
(22��,)��<���2��*����("��,(��=��>�"(�1(*,�
�2�0�*�,��(��) ),(0)�2�'*��9�7:;��
./(�(�1�*1(*,��,��*)���*+(��2��0�3�3�,��
3#$�*+�-����)���(0�*),��,�*+�
1�*1(*,��,��*)��5�6(�,/(�7&-��?*�,�,����
1�*)��(��*+�5�,/�,/(�*�*@,��+(,(���*��
,��+(,(��),�,(���,���9�7:;�.�)�2�'*��
�5�6(�,/(�7&-��*��,��(�),�3�%�9A;)��*�
�3�),�,()�)(�6�*+���"�"'��,��*��2�
�""��:�0�,(� �%�=�0�����*�"(�"�(��
8/(�B9!���)��(6��'�,(��9�7:;��*���
*�,��*����11'��(*1(�0��(��,/�,�/�)�5((*�
�(6(��"(���*��',���C(��,��(),�0�,(�
*�,��*��@)1��(�9�!;��11'��(*1(�2���2�'��
9�!;�,/�,�.(�(��*1�'�(���*�D<E&�=�
F<��.�����(��(,�������$��G��8/(�0��(��
/�)�5((*�"((���(6�(.(���*���)��()1��5(��
(:,(*)�6(� ��*�<��.�����(��(,�����F�$��G��
8/(�0��(���*���()'�,)���(��()1��5(���*�
)(1,��*��?�B��2�,/�)�"�(�05�(H�5��(2� ��
5�,/�,/(�D<E&�=��*��)�0(�),�,(���,��
.(�(��*1��"���,(���*,����I� ()��*�
/�(���1/�1���0��(��./�1/�)'""��,(��
(:"�)'�(�(),�0�,()�2���)(�(1,�9�!;��,�
��.(���(6(�)�,/�*�.(�(�0(�)'�(��'*�(��
D<E&�=��7'*��(�)��2�) ),(0)�)(�6�*+�
0�����*)��2�"(�"�(�.(�(�(),�0�,(��,��
/�6(�0(�*�1�*1(*,��,��*)�(:1((��*+�,/(�
9�7:;�7&-�F3$�*+�-G��8/(�(2��(��,/(�
D<E&�=��()'�,)��,/(�*�,��*����11'��(*1(�
0��(���()'�,)���*��,/(�)'5),�*,����),�,(�
��,���(0�*),��,(�,/(�)'5),�*,����
��J(��/����9�7:;��11'�)��,���2�(K'(*1 �
�*���(6(���2�"'5��1�/(��,/�1�*1(�*��
��*��� ��D<E&�>���,����(�5(�*+��("��,(��
,��,/(�B9!�./��(�,/�)�2�*����'�(��)�5(�*+�
"�("��(���;((�)(1,��*��?��2�,/�)�
"�(�05�(�2���0��(��*2��0�,��*��*�,/(�
"�(��0�*�� ��()'�,)��A/��(�,/()(�D<E&�
>�9�7:;���,����(�,���"�(��0�*�� �,��
"��6��(�,/(�5�)�)�2���,/(��(+'��,�� �
�(,(�0�*�,��*��,/()(�"�(��0�*�� �D<E&�
>��()'�,)��""(���,��1�*2��0�),�,(���,��
�*��0��(���()'�,)��
�'�,/(��)'""��,�*+�,/�)�2�*���
�(,(�0�*�,��*��9�7:;��)�6(� �),�5�(��*��
"(�)�),(*,��*�,/(�(*6���*0(*,��A/��(�
9�7:;�.�)�"/�)(���',��*�,/(�D�;���*�,/(�
(��� ��$$$L)�,/(�(���(�),�����(,(1,��*)��)�
"�(6��')� ��(0�*),��,(���?*�����,��*��
�(+�1 �),�1J)�0� ���)��),����5(�')(���
"���'1,��*�1�*,�*'()��*��,/(��1�'*,��()��
�*��"���'1,)�1�*,��*�*+�9�7:;�0� �5(�
�0"��,(���*,��,/(�D�;��FD;B9!���$$$5G��
;�*1(�9�7:;��)�(*6���*0(*,��� �
"(�)�),(*,��*��"���'1,)�1�*,��*�*+�
9�7:;���(�),�����*�')(��*��0� �5(�
�0"��,(���*,��,/(�D*�,(��;,�,()��,/(�
B9!��*,�1�"�,()�(*6���*0(*,���
1�*,�0�*�,��*�,��)�'�1()��2����*J�*+�
.�,(��.����1�*,�*'(��8�����'),��,(�,/�)�
"��*,�2'�,/(���9�M!��*��9�M;��,.���2�

,/(�0�),�(:,(*)�6(� �)�0"�(��9�!;����(�
��)��6(� �(*6���*0(*,��� �"(�)�),(*,�
�*��/�6(�)�0����� �5((*�"/�)(���',��*�
,/(�D�;��2���0�* � (��)��,/�'+/�,/()(�
,.��1�*,�0�*�*,)�1�*,�*'(�,���2,(*�5(�
2�'*���,��(6(�)��2�"'5��1�/(��,/�1�*1(�*�
�)���)1'))(���*�)(1,��*��?��2�,/�)�
"�(�05�(��<'��(*,� ��,/�)���)���""(��)�,��
5(���)�0�����,�(*��2���9�7:;��11'��(*1(��
./(�(�,/(����*J�*+�.�,(��)�0"�(���,��
�(0�*),��,()��,�1�*,�*'()�,���11'���,�
�(6(�)��2�"'5��1�/(��,/�1�*1(�*��
8/(�(2��(���*�1�*)��(��,��*��2�2�1,��)�
�(��,�*+�,��,/(�(*6���*0(*,���
"(�)�),(*1(��2�9�7:;���,)�"�()(*1(��*�
1�*)'0(��"���'1,)��*��"�))�5�(�
1�*,�*'(��')(���*��,/(��5)(�6(��
�11'��(*1(�,�(*���2�9�M!��*��9�M;��
,/(�B9!�2�*�)�,/�,�,/(�(��)���)'5),�*,����
��J(��/����9�7:;��11'�)����.�����11'��
�,���2�(K'(*1 ��*���(6(���2�"'5��1�/(��,/�
1�*1(�*��

���9��!�

8/(��11'��(*1(���,��"�()(*,(���5�6(��
,/��'+/�',�)(1,��*��?��2�,/�)�"�(�05�(��
�*����)1'))(���*�D;B9!�F�$�%5G�
)'""��,�,/(��+(*1 L)�2�*����(,(�0�*�,��*�
,/�,�,/(�(��)���)'5),�*,������J(��/����
9��!��11'�)�.�,/���2�(K'(*1 ��*���,�
�(6(�)��2�"'5��1�/(��,/�1�*1(�*��*�
���*J�*+�.�,(��) ),(0)��1��))�,/(�D�;��
9��!�.�)�2�'*��'*�(��D<E&�=��*�

�""��:�0�,(� �$����"(�1(*,��2�) ),(0)��
)(�6�*+�>�#�$$$�"(�"�(��*�4�),�,()��
8��5()���*��D�;��,(���,���()��')�*+���
0�*�0'0��("��,�*+��(6(���2��$�*+�-��!)�
,/�)��("��,�*+��(6(���)�,.��,�0()�+�(�,(��
,/�*�,/(�/(��,/@5�)(��7&-��2�3$�*+�-��
,/(�B9!�(:"(1,)�,/(�(��)�(6(*�+�(�,(��
�11'��(*1(��*��(:"�)(��"�"'��,��*��*�
,/(���*+(�5(,.((*�3$��*���$�*+�-��
!���,��*��� ��,/��'+/��*�� )�)��2�,/(�
(:,(*)�6(��0�'*,��2��6����5�(�),�,(���,���
./�1/�1�*)�),(���2��""��:�0�,(� �
>4�$$$�)�0"�()�.�,/�*��""��:�0�,(� �
3��%$$�) ),(0)��3#��2�3��*�*@,��+(,(��
0�*�,���*+�),�,()��("��,(���(,(1,��*)��2�
9��!�.�,/�*�$�=�,��3#�>�"(�1(*,��2�,/(���
) ),(0)�F8�5�()����*��=G��8/()(�)�0(�
),�,()��("��,(��)�0"�(��()'�,)���*+�*+�
2��0�$��=�,��==$�*+�-���(0�*),��,�*+�
�(6(�)��5�6(�,/(�7&-��2�3$�*+�-��.�,/�
0(���*�)�0"�(��()'�,)���*+�*+�2��0�
$�=>�,��4�>�*+�-��
8��+(,(��),�,(�0�*�,���*+���,���2�

9��!���(���)��1�*)�),(*,�.�,/�*�*@�
,��+(,(��),�,(���,�H�2���(:�0"�(��
9(**) �6�*����("��,(��>���"(�1(*,��2�
0�*�,��(��) ),(0)�2�'*��9��!��./(�(�
1�*1(*,��,��*)���*+(��2��0�3���,��3��3�
*+�-����)��)/�.�*+�1�*1(*,��,��*)��5�6(�
,/(�7&-��A/(*�1�*)��(��*+������6����5�(�
),�,(���,���,/(�(���(��,��(�),�%�$�) ),(0)�
�*�3��),�,()�)(�6�*+�0��(�,/�*���%�
0�����*�"(�"�(�,/�,��("��,(���* �
1�*1(*,��,��*��2�9��!���*���,��(�),�>��
) ),(0)��*�3��),�,()�.�,/�*���22(�(*,�
+(�+��"/�1��(+��*)�)(�6�*+���"�"'��,��*�

�2�344�$$$�"(�"�(�.�,/��("��,(��
1�*1(*,��,��*)��5�6(�,/(�7&-��2�3$�*+��
-���'�,/(�0��(��./(*�(6��'�,�*+��*� ���
)'5)(,��2�,/(��6����5�(�),�,(���,��
�("�()(*,�*+�*�*@,��+(,(��0�*�,���*+��
9��!�.�)��("��,(���*��""��:�0�,(� �
=�#�"(�1(*,��2�0�*�,��(��) ),(0)H��2�
,/()(��()'�,)�.(�(�(:,��"���,(��,��,/(�
*�,��*��*��,/�)(�) ),(0�)'5N(1,�,��,/(�
2�*����'�(��(K'��(0(*,)��,/(��+(*1 �
(),�0�,()�,/�,�9��!�.�'���5(�
�(,(1,�5�(��*��6(����=$$�9A;)�)(�6�*+�
�%���0�����*�"(�"�(��?2�,/�)(��()'�,)�
.(�(�2'�,/(��1�0"��(��,��,/(�7&-�2���
9��!�F3$�*+�-G��9��!�.�'���5(�
�(,(1,(���5�6(�,/(�7&-��*�����) ),(0)�
.�,/��=$�$$$�"(�"�(�(:"�)(���8/')���*�
����,��*�,��,/(�D<E&�=��()'�,)��,/()(�
(:,(*)�6(�),�,(���,����)���(2�(1,�,/(�(��)�
��)'5),�*,������J(��/����9��!��11'�)��,�
��2�(K'(*1 ��*���(6(���2�"'5��1�/(��,/�
1�*1(�*�5(1�')(��,��)��5)(�6(�������J(� �
,��5(��5)(�6(��.�,/�*�*'0(��')�.�,(��
) ),(0)��5�6(��(6(�)��2�"'5��1�/(��,/�
1�*1(�*��1��))�����*+(��2�+(�+��"/�1�
��1�,��*)����*��� ��D<E&�>���,����(�
5(�*+��("��,(��,��,/(�B9!�./��(�,/�)�
2�*����'�(��)�5(�*+�"�("��(���;((�)(1,��*�
�?��2�,/�)�"�(�05�(�2���0��(��*2��0�,��*�
�*�,/(�"�(��0�*�� ��()'�,)��A/��(�,/()(�
9��!�D<E&�>���,����(�,���"�(��0�*�� �
,��"��6��(�,/(�5�)�)�2���,/(��(+'��,�� �
�(,(�0�*�,��*��,/()(�"�(��0�*�� �D<E&�
>��()'�,)��""(���,��1�*2��0�),�,(���,��
��)1'))(���5�6(��

�'�,/(��)'""��,�*+�,/�)�2�*���
�(,(�0�*�,��*��9��!��)�6(� �),�5�(��*��
"(�)�),(*,��*�,/(�(*6���*0(*,��A/��(��,�
/�)�+(*(���� �5((*�"/�)(���',��*�,/(�
D�;��,/(�(���(�),�����(,(1,��*)��)�
�(0�*),��,(��"�(6��')� ��!���,��*��� ��
�(+�1 �),�1J)�0� �),����5(�')(���*��
"���'1,)�1�*,��*�*+�9��!�0� �),����5(�
"���'1(���*,(�*�,��*��� ��*���0"��,(��
,��,/(�D�;��F!8;O&���$�3G��;�*1(�9��!�
�)�(*6���*0(*,��� �"(�)�),(*,��*��
"���'1,)�1�*,��*�*+�9��!���(�),�����*�
')(��*��0� �5(��0"��,(���*,��,/(�D�;���
,/(�(��)���)'5),�*,������J(��/����,/�,�
(*6���*0(*,���1�*,�0�*�,��*��2�)�'�1()�
�2����*J�*+�.�,(��.����1�*,�*'(��8��
���'),��,(�,/�)�"��*,�2'�,/(���9�M!��*��
9�M;��,.���2�,/(�0�),�(:,(*)�6(� �
)�0"�(��9�!;����(���)��6(� �
(*6���*0(*,��� �"(�)�),(*,��*��/�6(�
)�0����� �5((*�"/�)(���',��*�,/(�D�;��2���
0�* � (��)��,/�'+/�,/()(�,.��
1�*,�0�*�*,)�1�*,�*'(�,���2,(*�5(�2�'*��
�,��(6(�)��2�"'5��1�/(��,/�1�*1(�*��)�
��)1'))(���*�)(1,��*��?��2�,/�)�"�(�05�(��
<'��(*,� ��,/�)���)���""(��)�,��5(���
)�0�����,�(*��2���9��!��11'��(*1(��
./(�(�,/(����*J�*+�.�,(��)�0"�(���,��
�(0�*),��,()��,�1�*,�*'()�,���11'���,�
�(6(�)��2�"'5��1�/(��,/�1�*1(�*��
8/(�(2��(���*�1�*)��(��,��*��2�2�1,��)�
�(��,�*+�,��,/(�(*6���*0(*,���
"(�)�),(*1(��2�9��!���,)�"�()(*1(��*�
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qĉackM*- -)*��XX����+�+7 �7�+�,)+�7�
)00)7-*�� �7�+7)+-� -��+��*�7 �7(� -)��
-3 -�7���)*#�+�*�-�� +�A1��0�G��93�73��*�
-3)��)2)���0�)D#�*(�)�-�� �73)/�7 ��0��/�
 ���*�,+�0�7 +-�)D#�*(�)�# -39 !*��+� �
,�2)+�/)��(/�4)��9�93�73��-��*�
(+��8)�!�0���)2)+�*)+*�-�2)�#�#(� -��+*�
-��)D#)��)+7)� �2)�*)�3) �-3�)00)7-*�FF�
 +��XXE3)�-�- ����*8�0���+�+7 �7�+�,)+�7�
)00)7-*��*�*)-� -� +�A1��0�G�0���) 73�
73)/�7 ���+� �# �-�7(� ��/)��(/FF�
:;6<5"��G��G4=����+ ��!��XX@ +7)����*8�
2 �()*� +��3 C ����+�)D�:A1=�2 �()*�
/ !�)D#�)**�/��)�-3 +��+)�*�,+�0�7 +-�
0�,(�)��4(-�0����)7�*��+>/ 8�+,�#(�#�*)*�
�+)�*�,+�0�7 +-�0�,(�)�*3�(���4)�(*)�FF�
:;6<5"���%G�7=��

7����+ ��'(�)�

E3)�<5"�3 *�/ �)� �0�+ ��
�)-)�/�+ -��+�-���),(� -)�/�D-(�)*�
7�+- �+�+,�-9�����/��)��0�5�AD6��
5��"��A�5STU"�� +�����5�N6������-3)�
0�+ ���)-)�/�+ -��+��-3)�<5"F*�

)2 �( -��+�(-���C)�� +�A'P� *�# �-��0� �
,)+)� ��A C ���1+�)D� ##�� 73�:0���
 ���-��+ ����*7(**��+��+�-3)�<5"F*�
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Z[\Z]̂_̀abĉ_\deafghi\̂]h\jk̂cabĉ_\
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�̀
�
x
�
_
��_̀
d�
�
da
e
�
h
j
k
}
�
j
n
u
}
v
a
d�
�c�
d}
�
�
{
e
j



�����������	
������������������������������ ��!"�����#���$�%�&'�()��*��&(+'��,��*)�

�(-(��".(*,���(//(0,)���)��-����1�(��*�
)(0,��*)�2�%�%��*��%�3��/�,4(�/�*���
,�5�0�, ��))()).(*,)�/���6�7!��*��
6�78�9:8;6!���$�%0<�:8;6!���$�%�=��
>*�(),�.�,�*+�1(*(/�,)��/��(�'0�*+�6�7!�
�*��6�78��*����*?�*+�@�,(���,4(��+(*0 �
)(�(0,(���()'�,)�/��.�8,((*��*��(,�����
9�$3�=��)�,4(�1��,4�@(�+4,�(5"�)'�(A�
�()"�*)(�/'*0,��*�/���6�7!��*���()'�,)�
/��.�BC�(��(*+��(,�����9�$�$=��)�,4(�1��,4�
@(�+4,�(5"�)'�(A�()"�*)(�/'*0,��*�/���
6�78��D4(��+(*0 �04�)(�,4(��()'�,)�
/��.�,4()(�),'��()�1(0�')(�,4( ��*0�'�(�
,4(�.�),��(0(*,�.(,�A�*�� )()��*�6�7!A�
�*��6�78A1��,4�@(�+4,��(��,��*)4�")��
�*��,4( ��*0�'�(�������+(�*'.1(���/�
),'��()���*0�'��*+�.'�,�"�(�),'��()�@�,4�
/��),�,��.(),(��)�."�()�9)(-(*�),'��()��*�
8,((*��*��(,�������$3���*��(�+4,�),'��()�
�*�BC�(��(*+��(,�������$�$=��D��"��-��(�
�*)�+4,)��*,��,4(�"�,(*,����(//(0,)��/�
)�."�(�,�.�*+��*��"�(+*�*0 �
4(.�� *�.�0)��,4(�;6!���)��"(�/��.(��
��)(*)�,�-�, ��*�� )�)�0�*)��(��*+��*� �
/��),�,��.(),(��(),�.�,()�/��.�8,((*��*��
(,����9�$3�=�/���6�7!��*��BC�(��(*+��(,�
����9�$�$=�/���6�78��*�)(0,��*�E�%��/�,4(�
;!��""(*��0()�9:8;6!���$�%(=��F4��(�
�("��,)�"�����,���$3��/�'*��GG"��')�1�(HH�
���GG)'++(),�-(HH�9:8;6!���$3#�<�
!D8B&���$3�=�(-��(*0(��/��(��,��*)4�")�
1(,@((*�6�7!��*��6�78��*��
�(-(��".(*,����',0�.()��,4(�;6!H)�
�))()).(*,�/�'*��0�(���(-��(*0(��/��*�
�))�0��,��*�/���6�7!��*��6�78��*�1�,4�
,�5�0���+�0����*��("��(.����+�0���
),'��()�9:8;6!���$�%4<�:8;6!���$�%�=��
D4(��+(*0 �/'�,4(����)�+�(()�@�,4�,4(�
0�..(*,(�H)�),�,(.(*,�,4�,�/'�,4(��"((��
�(-�(@��)�*((�(����)�,4(�;6!��(��()�
(5,(*)�-(� ��*�"((�A�(-�(@(��),'��()��*�
�,)��(-(��".(*,���1(*(/�,)�.��(���
�'�,4(�.��(��,4(�;6!�04���0,(��C()�,4(�
'*0(�,��*, ��*�,4(�6�7!��*��6�78�
(5"�)'�(A�()"�*)(�/'*0,��*)��)�
�()0��1(���*��""(*��5�I��/�,4(�;!�
9:8;6!���$�%(=��>*�)4��,��,4(�1(*(/�,)�
�*�� )�)�/����(-(��".(*,���(//(0,)��(��()�
�*���@��(�1�� ��/�,4(�1(),��-����1�(��
"((�A�(-�(@(��)0�(*0(���*��,4(�
("��(.����+�0���(-��(*0(�"��-��()���
�(���1�(�1�)�)�/���J'�*,�/ �*+�,4(���)?)��/�
��@�1��,4�@(�+4,��

!���//(�(*,�0�..(*,(��0���.(��,4�,�
,4(�;6!��(��(���*�(J'�-�0���
("��(.����+�0���(-��(*0(�,��(),�.�,(�
�(-(��".(*,���1(*(/�,)��),�,�*+�,4�,�,4(�
&/B)�0��0'��,(��/��.��*�.���),'��()��*�
,4(�;6!H)�4(��,4��))()).(*,���0'.(*,)�
/���6�7!��*��6�78���(�)�+*�/�0�*,� �
4�+4(��,4�*�,4�)(�1�)(���*�4'.�*�
),'��()�')(��/���1(*(/�,)��*�� )�)��*��
,4�,�,4(��*�.���),'��()��("�()(*,���.��(�
�""��"���,(�(),�.�,(��/�,4(���)?��/�6�7!�
�*��6�78�(5"�)'�(��D4(�;6!���)�+�(()�
@�,4�,4(�0�..(*,(��,4�,�,4(��*�� )�)�
�(��()��*�(J'�-�0���("��(.����+�0���
(-��(*0(�,��(),�.�,(�1(*(/�,)��D4(�

) ),(.�,�0���,(��,'�(��(-�(@��*��
�))()).(*,�0�*�'0,(��1 �,4(�;6!��,4(�
.�),�0�."�(4(*)�-(�(-��'�,��*��/�,4(�
0'��(*,���,(��,'�(�,����,(��0�*0�'�(��,4�,�
,4(�(��)�.��(��,(�(-��(*0(�/���
�(-(��".(*,���(//(0,)�1�)(���*�
0�*)�),(*,���-(�)(�(//(0,)�/���/(,���
+��@,4��(),��0,��*��*0�'��*+�1��,4@(�+4,�
.(�)'�()�@4�04���(�,4(�.�),��00'��,(�
(*�"��*,�9:8;6!���$�%0<�:8;6!��
�$�%�=��7*(�0�..(*,(�����)(��0�*0(�*)�
�1�',�,4(�;6!H)��(���*0(��*�,4(�),'� �
98,((*��*��(,�������$3�=�,4�,�,4(�;6!�
')()�,��.��(��6�7!���)(��()"�*)(�/���
1(*(/�,)��*�� )�)��),�,�*+�,4�,�,4(�;6!H)�
1(*(/�,)��*�� )�)�/���6�7!��*��
�(-(��".(*,���(//(0,)��)�*�,�)'""��,(��
1 �,4(�'*�(�� �*+�"'1��0�,��*��D4(�)�.(�
0�..(*,(��J'(),��*(��,4(�;6!H)�
�(���*0(��*�,4(�),'� �,4�,��)�')(��,��
.��(��6�78���)(��()"�*)(�/���1(*(/�,)�
�*�� )�)�9BC�(��(*+��(,�������$�$=��),�,�*+�
,4�,�,4(�),'� �/�'*��,4�,�,4(�(�@�)�*��
(-��(*0(��/����(��,��*)4�"��,�,4(�
1(+�**�*+��/�"�(+*�*0 ��D4(�0�..(*,(��
0�*,(*�(��,4�,�,4(�.(,�A�*�� )�)�@�)�
*�,�"((���(-�(@(���*��,4')�,4(�-�����, �
�/�,4(�;6!H)�.(,4��)�)4�'���1(�
J'(),��*(���D4(�;6!���)�+�(()�@�,4�,4(�
0�..(*,(�H)�0��,�0�).��/�,4(�),'��()�
')(��,���))())���)(��()"�*)(��*�
�(-(��".(*,���1(*(/�,)��*�� )�)��D4(�
)(�(0,(��.(,�A�*�� )()��*�,4(�
�(��,��*)4�"�1(,@((*�6�7!�6�78�
(5"�)'�(��*��1��,4�@(�+4,�"���'0(��
),�,�),�0��� �)�+*�/�0�*,��()'�,)����(�1�)(��
�*��(0(*,���,����*���*0�'�(������+(�
*'.1(���/�),'��()��*�(�04�.(,�A�
�*�� )�)��

7*(�0�..(*,(��),�,(��,4�,�+�-(*�,4(�
��)0'))��*��1�',�04�*+()��-(��,�.(��*�
�*/�*,�.��,���, ������,�)(,�0�*,��*�*+�
�*� �,@�� (��)��/���,���)��*)'//�0�(*,�,��
1'�����*/�*,�.��,���, ��(+�())��*�
.��(�)��D4(�;6!���)�+�(()�,4�,�,@��
 (��)��/���,���)��*)'//�0�(*,�,��1'����
�(+�())��*�.��(�)��(��,�*+��*/�*,�1��,4�
@(�+4,�,���*/�*,�.��,���, ��D4(�;6!H)�
�(+�())��*��*�� )�)��."��-()�'"�*�
(����(���*�� )()��(��,�*+�1��,4�@(�+4,�,��
�*/�*,�.��,���, �9!�.�*��(,�������$$K<�
L���*����*04���$3$=�1 �(-��'�,�*+�,@��
 (��)��/��(0(*,���,���8�."�(�)�C()�
�.�*+�,4(�M(*,(�)�/���B�)(�)(�M�*,����
�*��6�(-(*,��*�9MBM=���,��*���M(*,(��
/���N(��,4�8,�,�),�0)�9�MN8=���*?(��
1��,4��*/�*,��(�,4���,��"(�� (�����(����+(�
9*�O��""��5�.�,(� �2���.�����*��*/�*,)=�
�*��0�*,��1',(�,��,4(��-(�����),�,�),�0���
)�+*�/�0�*0(��/��(+�())��*��()'�,)��!)�
�()0��1(���*��""(*��5�;��/�,4(�;!�
9)(0,��*�;����:8;6!���$�%(=��,4(�(�4�)�
1((*���*�,�1�(��(0��*(��*�:�8���*/�*,�
.��,���, ���,()�)�*0(�,4(��*�� )()�
�("��,(���*�L���*����*04�9�$3$=��*��
!�.�*��(,�����9�$$K=��:)�*+��(0(*,���,��
/��.�,@��MBM��MN8���*?(��1��,4��*/�*,�
�(�,4���,��0�4��,)��()'�,)��)���.��(�

�00'��,(��*��0�*)(�-�,�-(�
04���0,(��C�,��*��/��(0(*,��*/�*,�
.��,���, �,�(*�)�,4�*��/�,4(�;6!�4���
�*0�'�(�����(��MBM��MN8���,���
D4(�;6!��(0(�-(��0�..(*,)��*�,4(�
1(*(/�,)��*�� )�)�/���&MM��D@��
0�..(*,(�)�(5"�())(��0�*0(�*)�@�,4�
,4(�;6!H)�')(��/�84(��(��(,�����9�$�3=�,��
(),�.�,(�&MM���)?��*�1(*(/�,)��*�� )�)�
�*��0���.(��/��@)��*�,4(�),'� ��(��,(��
,���',��(�)��*�,4(�&MM�+��'"��*��
�*0�*)�),(*,�(-��(*0(��/��*��))�0��,��*�
�0��))�("��(.����+�0���),'��()��7*(�
0�..(*,(��),�,(��,4�,�+�-(*�@4�,�,4( �
"(�0(�-(��)�8!P�0�*0(�*)��*��
'*0(�,��*,�()��*�,4(�.��(��*+��/'�,4(��
"((���(-�(@��)�@����*,(���D4(�;6!�
��)�+�(()�@�,4�,4(�0�..(*,)�0��,�0����/�
,4(��+(*0 H)�')(��/��*/��.�,��*�/��.�,4(�
84(��(��(,����9�$�3=�),'� �/���"'�"�)()�
�/�6�7!�4(��,4��))()).(*,��*��1(*(/�,)�
�*�� )�)��!)�*�,(���*�)(0,��*�2�K�3��/�,4(�
��*���D�5�0�, �!))()).(*,�/���6�7!�
9:8;6!���$�%0=��,4(�;6!��(,(�.�*(��
,4�,�84(��(��(,�����9�$�3=��)���QRSTUQV
0�*/��(*0(�),'� ��/,(��0�*�'0,�*+�),'� �
J'���, �(-��'�,��*�0�*)�),(*,�@�,4�,4(�
WXYVZ[\]]V̂\_S̀aabV]acVYRdReafT_gV
hXhZVijjRjjQR_[jV9:8;6!���$��/=��D4(�
1��.�*�,���*+�.(�)'�()��/�6�7!��(-(�)�
�*�84(��(��(,�����9�$�3=�@(�(��(���1�(�
.(�)'�()��/�6�7!�(5"�)'�(��'(�,��,4(�
04(.�0��H)�@(��A(),�1��)4(����*+�4��/A�
��/(��D4(�0�..(*,(�)�/���(��,��
�0?*�@�(�+(�.'�,�"�(�),'��()�/'�,4(��
)'""��,�*+���"�)�,�-(��))�0��,��*�
1(,@((*�6�7!�(5"�)'�(��*��&MM���)?�
9P��,(����*����(������$�3<���(����(,������
�$32<�8,((*��*��(,�������$��=��M��,�0��� ��
,4(�8!P�6�!8�&(-�(@�6�*(��)'""��,(��
,4(�kTbRelV[aV̀RVm\cnT_agR_TnV[aV̂UQ\_jV
�()�+*�,��*�/���6�7!��*��,)�/�*����("��,�
9:8;6!���$���=��84(��(��(,����9�$�3=�4�)�
1((*�)'//�0�(*,� �"((���(-�(@(���*���,�
�("�()(*,)�,4(�1(),��-����1�(�)0�(*0(�/���
"'�"�)()��/�4(��,4��*��1(*(/�,)�
�))()).(*,��*�,4(�6�!8��6BF&��
D4(�;6!��(0(�-(��0�..(*,)��*�
'*0(�,��*,�()��))�0��,(��@�,4�1����(��
0�*0(���(�'0,��*)��7*(�0�..(*,(��
�*0���(0,� �),�,(��,4�,�,4(�GG;6!���()�
*�,��(0�+*�C(�,4(�'*0(�,��*, �,4�,�,4(�(�
�)�*�,���@� )����(0,�0���(��,��*�1(,@((*�
DNL%��(-(�)��*��D7M��*�����"'1��0�
@�,(��) ),(.)HH��>*��()"�*)(��,4(�;6!�
*�,()�,4�,�,4(�DNL�0�*0(*,��,��*)��*�
,4�)�0�A�(.�-����*�� )�)�@(�(�*�,�
0��0'��,(��1�)(���*�D7M��(�'0,��*��
D7M�@�)�')(��,��1�*�) ),(.)��*�,4(�
'*�-(�)(��/�6F8)�')�*+�,4(�/�'�,4�8�5A�
o(���&(-�(@�98o&%=���,�1�)(��*��6�!8�
�00'��(*0(�.��(��@�,4�,4(�DNL%�
�(�'0,��*�0��0'��,(��/��.�,4(�/��.�,��*�
"�,(*,����(5"(��.(*,)�1(/��(��*���/,(��
p!M�,�(�,.(*,��*�,4(�BP6�>*/��.�,��*�
M���(0,��*�&'�(�D�(�,.(*,�8,'� �
B�,�1�)(��D4�)���,�)(,��(/�(0,)�,4(�
0'��(*,�1(),��-����1�(���,��,���(,(�.�*(�
DNL%��(�'0,��*�1�)(���*�D7M��(.�-���

qrstuvrwxryz{{|}~{�w }~���w�ysw}��w}~}� ��vw}�}~~{ ��w~~~~~ �s�w~~{~� ��vw��~{ x��vw��~~ ���������}����}�x�� }����}�
�
s�
�
�
r
��r
sw
�
�
wt
x
�
{
}
~
�
�
}
�
�
�
�
t
w�
�v�
w�
�
�
�
x
}



������ �����	
������������������������������ ��!"�����#���$�%�&'�()��*��&(+'��,��*)�

')�*+�-!.�,�(�,/(*,��!*�,0(��
1�//(*,(��),�,(��,0�,�,0(�1�')�����*2��3�
456)��*��7����(��1�*1(��0�)�*�,�7((*�
(),�7��)0(���80(�96!�*�,()�,0�,��*�
(:,(*)�;(�7�� ��3�("��(/����+�1���
),'��()�0�;(�)0�<*�,0�,��*1�(�)(��
(:"�)'�(�,��10����*�,(��456)��)�
�))�1��,(��<�,0�0�+0(����)2��3�7����(��
1�*1(���*���,0(����;(�)(�0(��,0�
�',1�/()�=.�*,���(,������>���?���((/�*�
(,�������$>@A��B(�)/�*�(,�����=�$��A�
3�'*��,0�,��""��:�/�,(� ���$$$��3�,0(�
@��$$$��**'���7����(��1�*1(��1�)()��*�
,0(�C�D��<(�(�"�,(*,���� ��,,��7',�7�(�,��
10����*�,(��456)��*����*2�*+�<�,(��
) ),(/)��B0��(��()(��10�0�)�*�,�
(),�7��)0(����1�')�����*2�7(,<((*�8EF%�
�*��7����(��1�*1(���,0(�(��)�),��*+�
(;��(*1(�,0�,�,0(�(��)���1���(��,��*�
7(,<((*�8EF%��*��7����(��1�*1(���
G*(�1�//(*,(��),�,(��,0�,�,0(�456�
1�H�(/�;���7(*(3�,��*�� )�)�����*�,�/((,�
,0(�),�*����)��(I'��(��7 �D4B!�3���
(),�/�,�*+�7(*(3�,)�)�*1(��,�<�)�*�,�
�(;�(<(��7 �,0(�D!5��80(�1�//(*,(���)�
�*1���(1,��D4B!�>%>�=(A����(1,)�,0(�
96!�,���(I'(),�1�//(*,)�3��/�,0(�D!5�
"�����,��"��"�)�*+��*�F.J-��*��
�64B&��80(�96!�)�'+0,��*���(1(�;(��
1�//(*,�3��/�,0(�D!5�"�����,��
"��"�)�*+�,0�)��64B&�=)((�CD96!��
�$���A��80(�),�,',(���()�*�,���1,�,(�,0(�
"�(1�)(��(;(���3�)1�(*,�3�1�I'(),��*)�3���
<0�10�,0(�96!�/'),�)((2�1�//(*,)�
3��/�,0(�D!5��80(�96!�)�'+0,�D!5�
1�//(*,��*�,0(�3�'��/�),�)�+*�3�1�*,�
��(�)�,0�,��*3��/(���(��;�,��*��3�,0(�
F.J-)�3�������)�:�6�!D��(+'��,(��7 �
,0�)��1,��*��*��3����,0(��"��,)��3�,0(�
7(*(3�,)��*�� )�)�,0�,��*3��/(��,0(�
�;(������(;(��"/(*,��3�,0(��64B&��
80(�96!�����)((2�����,��*���"((��
�(;�(<��3��,)�456�1�H�(/�;���7(*(3�,�
�*�� )�)�"�����,���,)��*1�')��*��*�,0(�9!�
3���<0�10��,��(1(�;(���;(�<0(�/�*+� �
3�;���7�(�1�//(*,)�3��/��(;�(<(�)�=)((�
CD96!���$�K/A���'�,0(�/��(��,0�)��'�(�
�)�7�)(���*�,0(�96!L)�1�*)��(��,��*��3�
��<��(�7�� ��3�(:�),�*+�"((�H�(;�(<(��
)1�(*1(��*�,0�)�)'7M(1,�=NOPOQR&(+���(,������
�$>S?�B(�)/�*�(,�������$��A��T*�)0��,��
,0(�96!�0�)�')(��"((���(;�(<(��)1�(*1(�
�*��)�'+0,�3'�,0(��"((���(;�(<�,��
)'""��,��,)�456�1�H�(/�;����*�� )�)��
�*���)�"��,��3�,0(�)'""��,�*+�/�,(�����
3���,0(��'�(�"��"�)����,0(�96!��*1�'�(��
,0(�1�//(*,)�3��/�,0(�(:"(�,�"((��
�(;�(<(�)��)�<(����)�0�<�(�10�1�//(*,�
<�)�����())(�����,0(���,��*��(�3���<0 �
�,�<�)�*�,�10�*+(���6�(�)(�)((�UNVWXYVNR
ZXR[NZZN\RX]R̂NN\RUN_̀NaR]X\RbĉRdXeR
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qc]PgTirb]PsTtpcgc\]Pgauc]af̀T

N0)�)+-�-�)*�#�-)+-� ��!� ..)1-)��E!�
-0)�.�+ ���(�)� �)�#��/ 1!� ,)+1�)*� +��
4D=*��4D=*�*(EH)1-�-��.�+ ���(�)�
�)J(��)/)+-*� �)�)�-0)��BD=*����
�N�BD=*��N0)*)�5 -)��*!*-)/*�1 +�E)�
#(E��1�!����#��L -)�!��5+)���4D=*�
*(EH)1-�-��-0)��(�)�5�(���E)��)J(��)��-��
/))-�-0)�FBG� +��1�/#�!�5�-0�
/�+�-���+,� +���)#��-�+,��)J(��)/)+-*��
4��/ 1!� ,)+1�)*�5�(���E)��)J(��)��-��
 ��#-� +��)+.��1)�-0)����+M�+,�5 -)��
*- +� ��� *�5)��� *�-0)�/�+�-���+,� +��
�)#��-�+,��)J(��)/)+-*��
@�-0�4D=*� +��#��/ 1!� ,)+1�)*� �)�
)9#)1-)��-���+1(��1�*-*���+1�(��+,�
 �/�+�*-� -�L)�1�*-*��/�+�-���+,�� +��
�)#��-�+,�1�*-*�� +���+�*�/)�1 *)*��
 +-�1�# -)��1�*-*�-���)�(1)�4�"=��)L)�*�
�+����+M�+,�5 -)��-��/))-�-0)�.�+ ���(�)�
(*�+,�-�) -/)+-����+�+-�) -/)+-�
�#-��+*��=)1-��+�C��.�-0�*�#�) /E�)�
*(// ��7)*�-0)�/)-0���-0)�34"�(*)��-��
)*-�/ -)�-0)*)�1�*-*��
N0)�*!*-)/*�-0 -��)�(1)�4�"=�
1�+1)+-� -��+*�5�����)�(1)� **�1� -)��

vwxyz{w|}w~��������| �����|�~x|���|���� ��{|������ ��|����� �x�|����� ��{|���� }��{|���� ����������������}�� �������
�
x�
�
�
w
��w
x|
�
�
|y
}
�
�
�
�
�
 
�
�
�
�
�
y
|¡
¢{�
|�
£
¤
�
}
�



������ �����	
������������������������������ ��!"�����#���$�%�&'�()��*��&(+'��,��*)�

-(��,-���).)��/-(�01!��(2(��"(��
3(,-��)�,��(),�3�,(�,-(�"�,(*,����
4(*(5�,)��5��(�'6(��1�!7�(8"�)'�(�
�3�*+�,-(�)(�2�6(�"�"'��,��*)��5�
) ),(3)�9�,-�1�!7��(2(�)�(86((��*+�,-(�
5�*������*.�*+�9�,(��),�*������7(6,��*�0�
)'33���:()�,-(�3(,-���')(��,��
(),�3�,(�,-()(�4(*(5�,)��
;*��,)�<=>?@A>B@CDEFGDHG@IJG>BKD
LMFBFN>MDOBJAPC@CQD,-(�01!�

6-���6,(��:()�,-(�RR4�)(��*(SS��)���
�(5(�(*6(�"��*,�,-�,��(5�(6,)�,-(�9�����
9�,-�',�,-(�5�*����(+'��,��*�TU701!��
�$V#(W��;,��)�,-(�),��,�*+�"��*,�5���
(),�3�,�*+�,-(�"�,(*,����4(*(5�,)��*��
6�),)��5�,-(�5�*����1XY&��/-(�01!�')(��
��2���(, ��5���,��)�'�6()�,���(2(��"�,-(�
4�)(��*(����*.�*+�9�,(��) ),(3�
6-���6,(��:�,��*�5���,-(��(+'��,�� �

�*�� )�)��/�4�(��Z���),)�,-(�3�[�����,��
)�'�6()��*��,-(�4�)(��*(���,���(��2(��
5��3�,-(3��!���,��*����(,���(��
�()6��",��*)��5�,-()(���,��)�'�6()��*��
-�9�,-( �9(�(�')(���*�,-(�
6-���6,(��:�,��*��5�4�)(��*(�6�*��,��*)�
6�*�4(�5�'*���*�6-�",(��%��5�U701!�
T�$�%+W��

\]D̂_@G_>@̀DFEDab@D\FCacd@B@E>aDeF?@AD

/-(�01!S)�(8�),�*+�7�5(Y�,(��f�),�
g(*(5�,�h��(��TfgiW�9�)��()�+*(��,��
6��6'��,(�,-(�6�),)��*��4(*(5�,)�
�))�6��,(��9�,-�)(,,�*+���*(9�����(2�)(��
hfj��7�*6(�,-(�5�*����'�(�
)�3'�,�*(�')� ��(+'��,()�3'�,�"�(�1�!7�
6�*,�3�*�*,)��,-(�01!��(2(��"(����*(9�
3��(��2(�)��*�6���(��,-(�7�5(Y�,(��
h'�,�kf�*,�3�*�*,�g(*(5�,�f�),�h��(��
ThfgfW�,��(55�6�(*,� �-�*��(�3��(�,-�*�
�*(�6�*,�3�*�*,��7�5(Y�,(��hfgf�

����9)�5����*"',)�,-�,��*6�'�(���55(��*+�
3�8,'�()��5�6�*,�3�*�*,)�4�)(���*�
�2����4�(��66'��(*6(���,���)�9(����)�
3'�,�"�(��(+'��,�� �,-�()-���)��/-(�
3��(��),�'6,'�(�����9)�5����))�+*3(*,�
�5�6�3"���*6(�,(6-*���+ ����
,(6-*���+�()�,-�,��6-�(2(������(+'��,�� �
�(l'��(3(*,)��*��(),�3�,()�6�),)��*��
4(*(5�,)��))�6��,(��9�,-�3'�,�"�(�1�!7�
6�*,�3�*�*,��(�'6,��*)��7�5(Y�,(��
hfgf��)��()�+*(��,��3��(��6�k�
�66'��(*6(��)�3"��*+��,�(�,3(*,���*��

��3�*�),��,�2(�6�),)���*��)�3'�,�*(�')�
6�*,�3�*�*,��(�'6,��*)��*���()'�,�*,�
4(*(5�,)��/-(�3���5�6�,��*)�,��,-(�
7�5(Y�,(��3��(����(�6�*)�),(*,�9�,-�,-(�
3(,-�����+ �,-�,�9�)��(2(��"(���*�,-(�
)�*+�(�hfj�7�5(Y�,(��fgi�g(,��2(�)��*�
,-�,�9�)�"((���(2�(9(���h��(��(,�����*�
,-(�3���5�6�,��*)�,��,-(�7�5(Y�,(��
3��(��6�*�4(�5�'*���*�)(6,��*�m����5�,-(�
01!S)�0!��

/-(�6�),)��*6'��(��4 ���1Y7��("(*��
�*�9�,(��) ),(3�6-���6,(��),�6)n�7XY;7�

opqrstpuvpwxyyz{|y}u {|~�}u�wqu{��u{|{} ��tu{�{||y ��u||||| �q�u||y{{ ��tu}�|y v��tu}�|| �~�������{����{�v�� {����{

�
�
{
�
�
�
{
}
�|
�
{
x
��
�
�
z

�
�
q�
�
�
p
��p
qu
�
�
ur
v
�
y
{
|
�
�
{
�
�
�
�
r
u�
�t�
u�
�
�
�
v
{



�����������	
������������������������������ ��!"�����#���$�%�&'�()��*��&(+'��,��*)�

�(��"��-��()��*.��/�,��*��*�012�
34���3,(��),�3)�,4�,�, "�3��� ��(.�*(�012�
3�,(+���()�����),��,���.���54�34�,4(�60!�
�(-(��"(��3�),�(),�/�,()��*�
�'�(/�7�*+)���*3�'��*+�) ),(/�, "(�
8912���:�912;��*'/<(���.�"(�"�(�
)(�-(��< �,4(�012��,4(�012=)�"��/�� �
��5�5�,(��)�'�3(�8+��'*��5�,(�����
)'�.�3(�5�,(�;��,4(�012=)��5*(�)4�"�
, "(�8"'<��3����"��-�,(;���*��,4(�),�,(��*�
54�34�,4(�012��)���3�,(���
>(3�')(�,4(�60!���()�*�,�4�-(�
3�/"�(,(�012?)"(3�.�3���,���3��))�,4(�
�""��@�/�,(� �%��$$$�912)��*��AB�$$$�
�:�912)��*�2C1D2��(��.���/�* ��.�
,4(�<�)(��*(��*��3�/"���*3(�
34���3,(��),�3)�*(3())�� �,��(),�/�,(�
3�),)��*��<(*(.�,)��)'34��)��()�+*��*��
�-(��+(����� �.��5���,()��5�,(��E'���, �
34���3,(��),�3)��,�(�,/(*,��*?"��3(���*��
��<�����,()��,4(�60!����",(����FF/��(��
012==��""���34��2�.(1�,(��G9>9�
3�(�,()�/��(��012)�< �3�/<�*�*+�,4(�
012?)"(3�.�3���,���-����<�(��*�2C1D2�
�(��5�,4���,���*�<�)(��*(��*��
3�/"���*3(�34���3,(��),�3)��-����<�(��,�
,4(�012�3�,(+�� ��(-(���D*�)�/(�3�)()��
,4(�3�,(+���3�����,����(�)�/"�(�"��*,�
(),�/�,()��D*�,4�)�3�)(��(-(� �/��(��
012��*���3�,(+�� ��)��))�+*(��,4(�)�/(�
-��'(��D*��,4(��3�)()��54(�(�/��(���<'),�
��,���("�()(*,�*+�) ),(/�-����<���, ���(�
�-����<�(��,4(�3�,(+�� ?�(-(����,��
�*3�'�(�����),��<',��*��.�"�,(*,����
-��'()��D*�,4(�3�)(��.���),��<',��*���
�*.��/�,��*��2�.(1�,(��G9>9��))�+*)�
(�34�/��(��012���-��'(�)�/"�(��.��/�
,4(���),��<',��*��:4()(���),��<',��*)���(�
�))'/(��,��<(��*�("(*�(*,��
��������),��.�012�34���3,(��),�3)�,4�,�
�/"�3,�/��(��012�3�/"���*3(�3�),)��
"�(�)(�)((�34�",(��H��.�I260!�8�$�%+;��
:4()(���,���*3�'�(��*-(*,�� ���,��
)"(3�.�3�,��(�34�) ),(/��*��3�,(+���3���
��,��.���54�34���*��/� ��))�+*(��
-��'()���(�<�)(���*���),��<',��*)�,4�,�
-�� �< �3�,(+�� �8JKLKMN+��'*��5�,(���*��
)'�.�3(�5�,(��:O9���),��<',��*)����
3�/"���*3(�.��(3�),���),��<',��*)�,4�,�
-�� �< �) ),(/�)�P(�3�,(+�� ;��
O*3(�/��(��012)���(�3�(�,(���*��
�))�+*(��<�)(��*(��*��3�/"���*3(�
34���3,(��),�3)��2�.(1�,(��G9>9�
(),�/�,()�,4(�E'�*,�.�(��3�),)��*��
<(*(.�,)��.�3�/"���*3(�.���(�34�/��(��
012�'*�(��,4(�.�*����'�(��>(3�')(��.�
,4�)�/��(��012��""���34��2�.(1�,(��
G9>9���()�*�,��',"',��* ��()'�,)��,�,4(�
012��(-(���D*),(����,4(��',"',)���(�3�),�
�*��<(*(.�,�(),�/�,()�.���Q#�012�
3�,(+���()�����),��,���6�34�012�3�,(+�� �
�)��(.�*(��< �) ),(/�, "(�8912��*��
�:�912;��"��/�� �5�,(��)�'�3(�
8+��'*�����)'�.�3(;���*��)�P(�3�,(+�� ��
��,(�,4(�60!���()�*�,��("��,�),�,(?�

)"(3�.�3�),��,����,4�'+4�),�,(���3�,��*��)�
',���P(���*�,4(�2�.(1�,(��G9>9�/��(��
8JKLKMN3'��(*,�),�,(?�(-(���(+'��,�� ���/�,)�
�*�0�!2��*����*7�*+�5�,(�;��:4(�
�(,���(���',"',��3��))�,4()(�),��,��3�*�
<(�.�'*���*�,4(�34�",(��H��.�I260!�
8�$�%+;��

����(�34�012�3�,(+�� ��,4(�/��(��
,4(*�3��3'��,()�)'//�� �),�,�),�3)�,4�,�
�()3��<(�,4(�3�),)��*��<(*(.�,)�
�))�3��,(��5�,4�.�*����'�(�3�/"���*3(��
:4()(�)'//�� �),�,�),�3)��*3�'�(�,�,���
E'�*,�.�(��3�),)��.�,4(�.�*����'�(��,�,���
E'�*,�.�(��<(*(.�,)��.�,4(�.�*����'�(��,4(�
-����<���, ��*�012?�(-(��3�),)�8JKLKMNH,4�
�*���H,4�"(�3(*,��(�) ),(/�3�),);���*��
,4(�-����<���, ��*�4�')(4���?�(-(��3�),)��

RKNSJTUVWNXVYNZ[T\] T̂\_LǸV[T[N
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]
_
L
V
Q
W
L
N
aJ
P
c
I
db
W
e
K

f
f
Bg
Z
h
A
iiA
BF
j
k
FC
G
l
J
L
M
_
m
L
P
W
_
X
C
Fn
oEh
F_
p
q
]
G
L



������ ����	
��������	��������������������� !��"#�����$���%�&�'(�)*� +��'),(� -��+*�

�./0)�1�)�+� +��2!+30�4�%5�6��)#��-�7 *�
)8-)�+ ��!�#))���)9�)7)��:!�-0�))�)8#)�-*�7�-0�

;( ��<�3 -��+*��+�)3�+�=�3*� +��#(:��3�0) �-0�
*3�)+3)*��/0)�>?"@*�30 �,)�;()*-��+*�-��-0)�#))��
�)9�)7)�*�*�(,0-��+#(-��+�-0)�=)-0�����,!�<���
�)9)��#�+,�=)��3 ��3�*-�)*-�= -)*� **�3� -)��7�-0�
30 +,)*��+�:��-0�7)�,0-��/0)� ,)+3!@*�30 �,)�
;()*-��+*�� +��#))���)9�)7)���)*#�+*)*� �)�
 9 �� :�)��+�-0)���3A)-��

7)�,0-��-0)� <<)3-)��#�#(� -��+�*�B)�� +��
�+< +-��) -0*� 9���)��� +��-0)�+(=:)��
�<�*(�9�9�+,��+< +-*��*�#��9��)���+�
30 #-)��$��<�CD>?"�4�%�&,6��
/0)�>?"�(*)��-0)�� �()��<� �
D- -�*-�3 ��2�<)�-��)*-�= -)�-0)�:)+)<�-*��<�
�)�(3�+,��+< +-�=��- ��-!� +��-0)�3�*-��<�
���+)**�-��)*-�= -)�-0)�)3�+�=�3�9 �()��<�
�+3�) *�+,�:��-0�7)�,0-��+�-0)�
#�#(� -��+��<�*(�9�9�+,��+< +-*�:��+�-��
=�-0)�*�)8#�*)��-��?�E"� +��?�ED��+�
���+A�+,�7 -)���/0)�>?"@*� ##�� 30�-��
=�+)-�B�+,�:)+)<�-*� **�3� -)��7�-0�
�+3�)=)+- ���+3�) *)*��+�:��-0�7)�,0-�
�)*(�-�+,�<��=��)�(3-��+*��+����+A�+,�
7 -)��?�E"�?�ED��)9)�*��)��)*��+�

 9���)��=)��3 ��3�*-*� **�3� -)��7�-0�
9 ���(*�� +,)*��<�:��-0�7)�,0-��"�-0�(,0�
-0)�)3�+�=�3�:(��)+��<�-�) -�+,��+< +-*�
 -�9 ���(*�:��-0�7)�,0-*� �*���+3�(�)*�
+�+F=)��3 ��3�*-*��9)�!�<)7�*-(��)*�-��
� -)�0 9)�;( +-�<�)��*(30�3�*-*�41�)�+�
 +��2!+30���%5�G�HI����%�56��/0)�>?"�
*)�)3-)��-0)�=)��3 ��3�*-�<(+3-��+�<��=�
1�)�+� +��2!+30�4�%5�6�-��=�+)-�B)�
:)+)<�-*� **�3� -)��7�-0�-0)�)*-�= -)��
30 +,)*��+��+< +-�:��-0�7)�,0-��)*(�-�+,�
<��=��)�(3)��= -)�+ ��)8#�*(�)�-��
?�E"�?�ED��.�

C*�+,�-0)��+3�)=)+- ��3�*-�30 +,)*�
<��=�1�)�+� +��2!+30�4�%5�6��-0)�>?"�
3 �3(� -)*�-0)�30 +,)��+�=)��3 ��3�*-*�
�)*(�-�+,�<��=�30 +,)*��+�:��-0�7)�,0-�
 =�+,��+< +-*��+�-0)� <<)3-)��#�#(� -��+�
70��*(�9�9)��-0)�<��*-�!) ��<����7�+,�
:��-0��#��9��)���+�/ :�)�&J��

KLMNOPLQRLSTUUVWXUYQ WXZ[YQ\SMQW]̂QWXWY _̀PQWaWXXU bcQXXXXX dMeQXXUYf dePQYgXU RhePQYgXX iZjdkjdljWa\bkWmRnl Wa\bkWo
o
Mp
e
q
L
rrL
MQ
s
t
QN
R
u
U
W
X
k
v
W
[
b
k
c
N
Qw
xPq
Qk
y
z
i
R
W



����������	
��������	��������������������� !��"#�����$���%�&�'(�)*� +��'),(� -��+*�

. /�)*�&��-��01�#��2��)�-3)�3) �-3�
)44)5-*� 2���)�� +��2 �( -��+� **�5� -)��
6�-3�/��-3�6)�,3-��7# 5-*��.3)�89"�

)*-�7 -)��-3 -���2)��-3)�)2 �( -��+�
#)������-3)�4�+ ���(�)�6�����)*(�-��+�
 ++( ��:)��/)+)4�-*�4��7� 2���)��

�)�(5-��+*��+�/��-3�6)�,3-��4�;�%��
7�����+��

<=>?@A=BC=DEFFGHIFJB HIKLJBMD>BHNOBHIHJ PQABHRHIIF STBIIIII U>VBIIFJW UVABJXIF CYVABJXII ZK[U\[U][HRMS\ĤC_] HRMS\H
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WW�7�:T���X�����]̂ _̂̀abbmhodhngb�~d��z�bl
e]_d~�~������

Y��+'����9�,����)����'�������,���#�W��-��+�1���
%'/�'@��)�8�\ �����)'��-�)1'����)��
D'(+�1&����-�)1'����h�npfrlhjl̂]el�onl�l
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¡efr̂]l�eǹ_eŷoiè�lW�R7":��]̂ _̂̀abb
mhodhngb�~d��z�b�¡�z���

Y'2�>�)����%����)��%�(')<@'�*��,�%���##$��
%'+&�)(�+��Y��+2@'�*2+���]el{eioeclhjl
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�+�������i�ẁ )t�i ��')�) *)�')#��-�+,��
����	
��������	������'��&�����v)i)t3)��
\���%����

./01"���%��3��v��+x�+,�y -)��w�+- t�+ +-�
w +��� -)�z�*-�\���+ �������	
��
������	������'�$�%$%����_)t3)��2&��
�%����

./01"���%��i��E�SK:K6?C65OAN:k8C9@CR=:
TES�M:X8@@A6@5B6M:68:SN6A8B:dedf�:
dedq[:"_ �� 3�)��+�-̀)��+-)�+)-� -a�
766RM=YYbbb[5RC[O8cYRDCMYRDCMFM6?C65OANF:
?8C9@CRF5RCMFN8@@A6@5B6MFCN6A8BF:
dedfFdedq��

./01"���%�����S99?5MMABO:E�SK:9AMN7C?O5M:
AB:TESFAMMI59:lE>TK:R5?@A6M:CB9:
5UR5N6C6A8BM:b75?5:TES:AM:675:
R?56?5C6@5B6:N8B6?8G:CI678?A6H:nSR?AG:dh�:
deddo[:766RM=YYbbb[5RC[O8cYMHM65@YDAG5MY:
98NI@5B6MYdeddFeqYBR95MsRDCMF:
@5@8[R9D��

./01"���%��)��S99?5MMABO:E�SK:9AMN7C?O5M:
AB:lE>TK:R5?@A6M:CB9:67?8IO7:675:
R?56?5C6@5B6:R?8O?C@:CB9:@8BA68?ABO:
R?8O?C@M:�v)i)t3)��\���%�����766RM=YY
bbb[5RC[O8cYMHM65@YDAG5MY98NI@5B6MY:
deddFfdYlE>TKsE�SKsK6C65�de45@8s
>5N5@L5?sdedd[R9D��

./01"���%��u���k>:K6CDD:jCB9L88J:D8?:
>5c5G8RABO:QkQK:SMM5MM@5B6M[:01"�$%%��
']����$���"_ �� 3�)��+�-̀)��+-)�+)-� -a�
766RM=YYNDRIL[5RC[O8cYBN5CYA?AMs9?CD6MY:
?5N8?9AMRGCH[ND@�95A9�<;�<�e��

./01"���%��,��QkQK:Z8UAN8G8OANCG:k5cA5b:8D:
E5?DGI8?8LI6CB8AN:SNA9:nE� So:CB9:
k5GC659:KCG6M:n�ABCG:k5R8?6�:deddo[:01"��
$�\�']���������')-��)_)��u��t�766RM=YY
bbb[5RC[O8cYN75@ANCGF?5M5C?N7YA?AMF:
68UAN8G8OANCGF?5cA5bFR5?DGI8?8LI6CB8ANF
CNA9FRDLCFCB9F?5GC659FMCG6MFDABCG��

./01"���%��̀��V5665?:AM:AB:?5MR8BM5:68:675:
k5WI5M6:D8?:X8??5N6A8B:nk�Xo:?5N5Ac59:LH:
675:|KTES:D?8@:S?B8G9:�:E8?65?:�CH5:
KN78G5?:VVE:nS�Eo:8B:4C?N7:fh�:dedd[:
"_ �� 3�)��+�-̀)��+-)�+)-� -a�766RM=YY
bbb[5RC[O8cYMHM65@YDAG5MY98NI@5B6MY:
deddFe�Yk�Xsddeefsk5MR8BM5s
pIB5dedd[R9D��

./01"���%�����Z?CBM@A66CG:8D:675:KNA5BN5:
S9cAM8?H: 8C?9:k5R8?6:6A6G59�:��k5cA5b:8D:
TES�M:SBCGHM5M:68:KIRR8?6:TES�M:
lC6A8BCG:E?A@C?H:>?ABJABO:PC65?:
kIG5@CJABO:D8?:E�SK[���01"]��]%%���
"_ �� 3�)��+�-̀)��+-)�+)-� -a�766RM=YY
MCL[5RC[O8cY8?9MYMCLY:
D�R�ffq=fd=f;d;;;g�<��hq�[:

./01"���%��������u-̀�.+�),(� -)��
w�+- t�+ +-�{�+�-���+,�'(�)��"_ �� 3�)�
�+�-̀)��+-)�+)-� -a�766RM=YYbbb[5RC[O8cY:
9bIN@?YDAD67FIB?5OIGC659FN8B6C@ABCB6F:
@8BA68?ABOF?IG5��

./01"���%��x��{'z�v - ��u�.w{'�\�
"##��_)��z 3*��

./01"���%�����X8@R?575BMAc5:
TBcA?8B@5B6CG:k5MR8BM5�:X8@R5BMC6A8B�:
CB9:VACLAGA6H:SN6:jC¡C?98IM:KILM6CBN5M=:
>5MAOBC6A8B:8D:E5?DGI8?88N6CB8AN:SNA9:
CB9:E5?DGI8?88N6CB5MIGD8BAN:SNA9[:01"]�
��]�z0{]�%2�]%�&2]%%%2��
y *̀�+,-�+��vw��')-��)_)��u��t�766RM=YY:

¢£¤¥¦§£̈©£ª«¬¬®̄¬°̈ ®̄±²°̈³ª¤̈®́µ̈®̄®° ¶·§̈®̧®̄ ¬̄ ¹º̈¯̄¯̄¯ »¤¼̈¯̄®¬¬ »¼§̈°½̄¬ ©¾¼§̈°½̄¯ ¿±À»ÁÀ»ÂÀ®̧³¹Á®Ã©ÄÂ ®̧³¹Á®Å
Å
¤Æ
¼
Ç
£
ÈÈ£
¤̈
É
Ê̈
¥
©
Ë
¬
®̄
Á
Ì
®
²
¹
Á
º
¥̈
Í
Î§Ç̈
Á
Ï
Ð
¿
©
®



������ �����	
������������������������������ ��!"�����#���$�%�&'�()��*��&(+'��,��*)�

---./0123456789.17:;<7=2>085;?@ABC
DEBFG?HBIJKLBJMNKBJJJK��

OPQR!���$��S��T4567843CF:0/:60-UCV4=59C
48<CV612/09C78CH450/6439WCX49509C48<C
Y0=Z=3681C[2\<450<UC]0=0> 0̂/CMWCIJII_.C
5̀5\9U;;---.0\4.17:;a4=59B48<Ba612/09BC
4̂725B>450/6439B-4950B48<B/0=Z=3681;C
84567843B7:0/:60-Ba4=59B48<Ba612/09BC
>450/6439.C

OPQR!���$�b���?>0/1681Cc7854>684859C[?c_C
68Cd>433C7/C]694<:485410<Cc7>>2865609C
e/485C[d]c_.C!f����g�(��*�,h(��*,(�*(,��,i�
5̀5\9U;;---.0\4.17:;<-=4\4=65Z;C
0>0/1681B=7854>684859B0=B9>433B7/BC
<694<:485410<B=7>>2865609B1/485B9<=.C

OPQR!���$�bg��X450/Cj0=̀86=43CA9969548=0C
[X450/jA_.C!f����g�(��*�,h(��*,(�*(,��,i�
5̀5\9U;;---.0\4.17:;-450/BC
68a/495/2=52/0;-450/B50=̀86=43B
49969548=0B-450/54.C

OPQR!���$�bk��!�f�*k()��*�l�)(�!���,��*�
m���nh(S�k���o�p,'�()i�!�qh�,(�R�"(���
O�P��Q*f���*S(*,���R��,(k,��*�!+(*k ��
q�)h�*+,�*��ln��QR!�r$$�&�b�$$r��

OPQR!���$�b���sYsdCj7t6=73716=43CY0:60-C7aC
@0/a327/7̀0t480923a786=CA=6<C[@VDtd_C
48<CY03450<Cd4359C[@2̂36=Cc7>>085C48<C
?t50/843CY0:60-C]/4a5_.CQR!�#bu�&v�b��
$u#��q�)h�*+,�*��ln��

OPQR!���$�b(��@2̂36=Cc7>>085C]/4a5wC
H4t6>2>Cc7854>68485CG0:03Ce743C
[HcGe_Cd2>>4/ZC]7=2>085Ca7/C4C
H6t52/0C7aCV72/C@0/BC48<C@73Za327/743xZ3C
d2̂9548=09C[@VAd_UCe08yCc̀ 0>6=439WC
@VzdWC@VTAC48<C@VDtd.CQR!v���vRv�
�bv$$%��

OPQR!���$�bm��R�!P���,��*���R��S�� �
l��*{�*+�q�,(��&(+'��,��*�&'�(S�{�*+��
�����	
��������������&�r�#b���o��kh�
�����$�b��

OPQR!���$�b+��@2̂36=Cc7>>085C]/4a5wC
j7t6=65ZCA99099>085C48<C@/7\790<C
H4t6>2>Cc7854>68485CG0:03Ce743C
[HcGe_Ca7/C@0/a327/77=54876=CA=6<C
[@VFA_C[cAdYTCMM|}~�}K_C68C]/68x681C
X450/.CQR!v���vRv�bv$$u��

OPQR!���$�bh��@2̂36=Cc7>>085C]/4a5wC
j7t6=65ZCA99099>085C48<C@/7\790<C
H4t6>2>Cc7854>68485CG0:03Ce743C
[HcGe_Ca7/C@0/a327/77=5480Cd23a786=C
A=6<C[@VFd_C[cAdYTCK�~M}IM}K_C68C
]/68x681CX450/.CQR!v���vRv�bv$$���

OPQR!���$�b���@2̂36=Cc7>>085C]/4a5wC
A\\08<6tUC@/7\790<CH4t6>2>C
c7854>68485CG0:03Ce743Ca7/C
@0/a327/77=54876=CA=6<C[@VFA_C[cAdYTC
MM|}~�}K_C68C]/68x681CX450/.C

OPQR!���$�b���@2̂36=Cc7>>085C]/4a5wC
A\\08<6tUC@/7\790<CH4t6>2>C
c7854>68485CG0:03Ce743Ca7/C
@0/a327/77=5480Cd23a786=CA=6<C[@VFd_C
[cAdYTCK�~M}IM}K_C68C]/68x681CX450/.C

OPQR!���$�b{��?@ACY09\7890C57CV6843C
d=608=0CA<:697/ZCz74/<C
Y0=7>>08<456789C[A21295CIJII_C78C
V72/C]/4a5Cd2\\7/5C]7=2>0859Ca7/C5̀0C
?@A�9C@/7\790<C@VAdCT4567843C@/6>4/ZC
]/68x681CX450/CY012345678.CQR!v���vlv�
�bv$$r��

OPQR!���$�b���@VAdCF==2//08=0C48<C
c7854>68485Cz4=x1/728<Cd2\\7/5C
]7=2>085.CQR!v���vRv�bv$r$��

OPQR!���$�bS��?@ACY09\7890C57CG0550/C7aC
@00/CY0:60-Ca7/C]6968a0=5485CzZ\/7<2=5C
Y0<2=5678C49C4CY09235C7aCe/48234/C
A=56:450<Cc4/̂78Cj/045>085Ca7/C@VFAC

48<C@VFdC68C]/68x681CX450/UCz080a659C
A843Z969CY03450<C57Cz34<<0/Cc48=0/.C
QR!v�ruv��bv$$r��

OPQR!���$�b*��?=787>6=CA843Z969C7aC5̀0C
@/7\790<CT4567843C@/6>4/ZC]/68x681C
X450/CY012345678Ca7/C@0/BC48<C
@73Za327/743xZ3Cd2̂9548=09.CQR!v���vRv�
�bv$$r��

OPQR!���$�b���A\\08<6tUC?=787>6=C
A843Z969C7aC5̀0C@/7\790<CT4567843C
@/6>4/ZC]/68x681CX450/CY012345678Ca7/C
@0/BC48<C@73Za327/743xZ3Cd2̂9548=09.C
QR!v���vRv�bv$$���

OPQR!���$�b"��sYsdCj7t6=73716=43CY0:60-C7aC
@0/a327/7̀0t4876=CA=6<C�@VDtAWCcAdYTC
MJ�}IN}N�C48<CY03450<Cd4359C�QR!�#bu��
&v�b�$�������&(,��(f(��m��S�̀55\9U;;
=a\2̂.0\4.17:;8=04;6/69;6/69�<7=2>0859;C
<7=2>0859;57t/0:60-9;J�JN5/.\<a.C

OPQR!���$�b����(�(������������(�+hg���
R��*���m���,h(��$ru����*(���,��*���
!Sg�(*,�!����'���, �P,�*����)�������	
�
�������������&�b##u%���'*(�u���$�b��

OPQR!���$�b����(��P�'�k(�R(�m��S�*k(�
P,�*����)�m�����((*h�')(���)�QS�))��*)�
���S��(���o���m�(����*��&(k�*),�'k,(��
��))����'(�����(��Q�(k,��k��(*(��,�*+�
O*�,)��QS�))��*��'��(��*()�m���
��((*h�')(���)�QS�))��*)����S�
Qp�),�*+���))����'(�����(��Q�(k,��k�
�(*(��,�*+�O*�,)���*��&("(����m�,h(�
!mm����g�(�n�(�*�Q*(�+ �&'�(�������	
�
�������������&�bb�%$��o� ��b���$�b��

OPQR!���$�b)��Y0123457/ZCs>\4=5CA843Z969C7aC
5̀0Cd548<4/<9C7aC@0/a7/>48=0Ca7/CT0-WC
Y0=7895/2=50<WC48<CH7<6a60<Cd72/=09C
48<C?>6996789Ce26<036809Ca7/C?t695681C
d72/=09UCF63C48<CT452/43Ce49Cd0=57/C
c36>450CY0:60-.CQR!v%u��&v�bv$rb��

OPQR!���$�b,��P'""�(S(*,�� �o�,(�����m���
,h(�&(+'��,�� ��S"�k,�!*�� )�)�m���,h(�
��*���&'�(S�{�*+����P,�*����)��m�
R(�m��S�*k(�m����(���&(k�*),�'k,(���
�*��o���m�(��P�'�k()��*��QS�))��*)�
�'��(��*()�m���Qp�),�*+�P�'�k()i������*��
��,'������)�P(k,���n��S�,(�&(f�(�����
QR!�&("��,��*�,h(�P�k����n�),��m�
��((*h�')(���)()i�Q),�S�,()�
�*k��"���,�*+�&(k(*,�Pk�(*,�m�k�
!�f�*k()��

OPQR!���$�b'���(��P�'�k(�R(�m��S�*k(�
P,�*����)�m���,h(�P *,h(,�k���+�*�k�
nh(S�k���o�*'m�k,'��*+��*�'),� ��*��
��,��*���QS�))��*�P,�*����)�m���
�������')�!���R���',�*,)�m���,h(�
P *,h(,�k���+�*�k�nh(S�k���
o�*'m�k,'��*+��*�'),� ��*�����'"��������
R�� S(�)��*��&()�*)��*�'),� �������	
�
�������������&��u$�$��!"�����u���$�b��

OPQR!���$�bf��Qp(k',�f(����(��r%$�#��
&(f�,�����*+��'����,��*�)�n�SS�,S(*,�
,��Q*f���*S(*,����'),�k(�m���!���������	
�
�������������&��u�ur��!"�����#���$�b��

OPQR!���$�b������S(���{�m���Q),�S�,�*+�
��*k�*k(���(��,h�&�){)�!))�k��,(����,h�
o�p,'�()��m�R(����*��R�� m�'�����{ ��
P'g),�*k()��R�!P���QR!v���vRv�bv$$b��

OPQR!���$�%���V/4>0-7/xCa7/C?956>45681C
T78=48=0/CD0435̀CY69x9CA997=6450<C-65̀C
H6t52/09C7aC@0/BC48<C@73Za327/743xZ3C
d2̂9548=09C[@VAd_.C�ruv&v�%v$$b��

OPQR!���$�%g��@VAdCF==2//08=0C48<C
c7854>68485Cz4=x1/728<Cd2\\7/5C
]7=2>085Ca7/C5̀0CV6843C@VAdCT@]XY.C
�ruv&v�%v$rb��

OPQR!���$�%k��Faa6=0C7aCX450/CV6843CD2>48C
D0435̀Cj7t6=65ZCA99099>085Ca7/C

@0/a327/77=54876=CA=6<C[@VFA_.C�ruv&v�
�%v$$#��

OPQR!��$�%���Faa6=0C7aCX450/CV6843CD2>48C
D0435̀Cj7t6=65ZCA99099>085Ca7/C
@0/a327/77=5480Cd23a786=CA=6<C[@VFd_.C
�ruv&v�%v$$���

OPQR!���$�%(��?=787>6=CA843Z969Ca7/C5̀0C
V6843C@0/BC48<C@73Za327/743xZ3C
d2̂9548=09CT4567843C@/6>4/ZC]/68x681C
X450/CY012345678CA\\08<6=09.C�ruv&v�
�%v$$���

OPQR!��$�%m��H4t6>2>Cc7854>68485CG0:03C
e7439C[HcGe9_Ca7/Cj̀ /00Cs8<6:6<243C@0/BC
48<C@73Za327/743xZ3Cd2̂9548=09C[@VAd_C
48<C4CH6t52/0C7aCV72/C@VAd.C�ruv&v�%v�
$$%��

OPQR!���$�%+��?=787>6=CA843Z969Ca7/C5̀0C
V6843C@0/BC48<C@73Za327/743xZ3C
d2̂9548=09CT4567843C@/6>4/ZC]/68x681C
X450/CY012345678.C�ruv&v�%v$$r��

OPQR!���$�%h��A\\08<6twFaa6=0C7aCX450/C
V6843CD2>48CD0435̀Cj7t6=65ZC
A99099>085Ca7/C@0/a327/77=54876=CA=6<C
[@VFA_.C�ruv&v�%v$$���

OPQR!���$�%���A\\08<6twFaa6=0C7aCX450/C
V6843CD2>48CD0435̀Cj7t6=65ZC
A99099>085Ca7/C@0/a327/77=5480Cd23a786=C
A=6<C[@VFd_.C�ruv&v�%v$$���

OPQR!���$�%���FXCV6843CH4t6>2>C
c7854>68485CG0:03Ce7439C[HcGe9_Ca7/C
@0/a327/77=54876=CA=6<C[@VFA_C48<C
@0/a327/77=5480Cd23a786=CA=6<C[@VFd_C68C
]/68x681CX450/.C�ruv&v�%v$r$��

OPQR!���$�%{��?@A�9CY09\78909C57C@2̂36=C
c7>>0859C78C5̀0C@/7\790<C@VAdC
T4567843C@/6>4/ZC]/68x681CX450/C
Y012345678.C�ruv&v�%v$$u��

OPQR!���$�%���z095CA:4634̂30Cj0=̀87371609C
48<Cd>433CdZ950>Cc7>\3648=0C
j0=̀87371609C@0/BC48<C@73Za327/743xZ3C
d2̂9548=09C[@VAd_C68C]/68x681CX450/.C
�ruv&v�%v$rr��

OPQR!���$�%S��j0=̀87371609C48<Cc7959Ca7/C
Y0>7:681C@0/BC48<C@73Za327/743xZ3C
d2̂9548=09Ca/7>C]/68x681CX450/.C�ruv&v�
�%v$r���

OPQR!���$�%*��V6a5̀C�8/0123450<C
c7854>68485CH78657/681CY230UC
F==2//08=0C]454.C!f����g�(��*�,h(�
�*,(�*(,��,i�̀55\9U;;---.0\4.17:;C
<-2=>/;7==2//08=0B<454B28/0123450<BC
=7854>68485B>78657/681B/230�|.C

OPQR!���$�%�����'����(��*m��S�,��*�����*{)��
!f����g�(��*�,h(��*,(�*(,��,i�̀55\9U;;
5<̂.0\4.17:;5<̂;=7854>68485�6<�KJ�JJ.C

OPQR!���$�%"��X7/xCz/04x<7-8Cd5/2=52/0BC
z490<Cc795CH7<03Ca7/Ce/48234/CA=56:450<C
c4/̂78C]/68x681CX450/Cj/045>085.C

OPQR!���$�%���X7/xCz/04x<7-8Cd5/2=52/0BC
z490<Cc795CH7<03Ca7/Cs78C?t=̀4810C
j/045>085C7aC@0/BC48<C@73Za327/743xZ3C
d2̂9548=09C[@VAd_C68C]/68x681CX450/.C

OPQR!���$�%���X7/xCz/04x<7-8Cd5/2=52/0BC
z490<Cc795CH7<03Ca7/CT785/045>085C
F\56789Ca7/C]/68x681CX450/Cc7>\3648=0.C

O*�,(��P,�,()��mm�k(��m�Pk�(*k(��*��
�(kh*���+ �R���k ���P�R����$�b��@0/BC
48<C@73Za327/743xZ3Cd2̂9548=09C[@VAd_C
Y0\7/5WC!�&("��,�g �,h(����*,�
P'gk�SS�,,((��*�Q*f���*S(*,��
�**�f�,��*���*��R'g��k��(��,h��!f����g�(�
�*�,h(��*,(�*(,��,i�̀55\9U;;
---.-̀ 650̀7290.17:;-\=785085;C
2\374<9;IJIM;JM;Fdj@BH4/=̀BIJIMBC
@VAdY0\7/5.\<a.C

���f���l����'�h�,(������q(�h(��R���l��+������n���
��(�f(�� �P���P,('(�������O����*��

¡¢£¤¥¦¢§̈¢©ª««¬®«̄§ ®°±̄§²©£§³́§®̄ µ¶¦§·®®« ¹̧§®®®®® º£»§®®« º»¦§̄¼®« ½̈»¦§̄¼®® ¾°¿ºÀ¿ºÁ¿·²̧ ÀÂ̈ÃÁ ·²̧ ÀÄ
Ä
£Å
»
Æ
¢
ÇÇ¢
£§
È
É
§¤̈
Ê
«

®
À
Ë

±̧
À
¹
¤
§Ì
Í¦Æ
§À
Î
Ï
¾̈




�����������	
������������������������������ ��!"�����#���$�%�&'�()��*��&(+'��,��*)�

-��*�.(�*��/���$01��-(),�,��*���2��3(,()�
�*��455)"��*+�6��,7�8�9(��,�:�(;�,(��
:*;���*<(*,���/���',�*,�:="�)'�()��
>?@ABC?DE?FGH?FEB?IFAC?IJKG0$1L�$MN�0M��
OFFPQRSSTCAUCBVSWXUWXWYSG
ZUE?@A?FU[XW\UX\UXWYUG

;�*��(�8]7��,��&���2("������8���̂�*+��&���
�̂�<(���6���_�̀�,(*)��̂���a��())(��_�-���
��**']]���_���-(�<�*��!����((*��2���
b���(<)(*��c����*��d�'��e���$�0��
6� ()��*�),�,�),�])��*��<��(���*+��
fIFgBEGhE@AEiQGjEFOCTQGkBADEBQKGWl0mL0��
OFFPQRSSTCAUCBVSWXUWXnoSQpnqoYrX[XrG
XXXXnrXUG

�(s�(9��_���!�3']t�(��a����*�����)(���b���$0M��
_�,(�*���(="�)'�(�,��"(�5�'���*�,(��
]7(<�]��)��*���(�'](��5(]'*��, L�,7(�
_u&:e�),'� ��vgDI?GhEPBCTgwFAC?KG
x$lxmL1$0N1$���OFFPQRSSTCAUCBVSWXUWXynSG
OgDBEPSTEgnqXUG

�(�*(���_�!���z�]]�)�*���!�:���_��t(*����{���
d��*��_���b'��{���_]2�'+�����&���
_��)�*(,��_���_��]')��_���̂�)7���&���
_� �)7�,���e���e7(*���_�|{��{)�(7��b�|8��
!*�(�)(*��_�:���e�(}(���uuu��{�c����*��
z�*+*(]t(���_�/���$0M��!))�]��,��*)��5�
/(�5�'�����t ��8'3),�*]()�l/�!8m�}�,7�
z�}(��6��,7�b(�+7,L�!*�:;��'�,��*��5�
/�,(*,����e�*5�'*��*+�3 �-��<(�'����
���,��,��*�&�,(�~)�*+���/7 )����+�]��� �
6�)(��/7��<�]�t�*(,�]�_��(��l/6/̂ m��
>?@ABC?DE?FIJGvEIJFOGkEBQPEwFA@EQKG
0�xl0�mL0x01N0x�%��OFFPQRSSTCAUCBVSG
WXUW[oySEOPUWpXoon\UG

��(�������_���{�55<�*��̂���87�*��{���
b(�*3(�+��c�_���b(3),(���a������*��
��(,]7(���a���$0x��/(�5�'����],�*��]�!]���
:="�)'�(��*��e�*](��4',]�<()��*���
e�*,�<�*�,(��e�<<'*�, L�!�-(�+��"7�]�
!*�� )�)��>?@ABC?DE?FIJGvEIJFOG
kEBQPEwFA@EQKG0�0lxmLx0�Nx�x��OFFPQRSS
TCAUCBVSWXUW[oySEOPUW[Xqo[yUG

�����*'(;���e�_���e�*,����̂�/���e����(���8���
c��tt�����c�c�̂���̂�*+��b�2���z *]7��e�����
/���'��8����*��̂�+(;�*�)��_���$$%��
2�)�*5(],��*�6 "���'],)��*��6����(��
e�*](�L���/���(��!*�� )�)��
>PATEDACJCV�KG0MlxmLxM1Nx#1��OFFPQRSS
TCAUCBVSWXUWXy\SG
XWUETEUXXXXW[WnoXUX[qypU�wUG

�����*'(;���e�_���e�*,����̂�/���̂�*+��b�2���
c��tt�����c�c���e����(���8���z *]7��e�����
/���'��8����*��̂�+(;�*�)��_���$$#��a�,���
�*��8"(]�5�]���'���e�*)'<",��*��)�
2(,(�<�*�*,)��5�6����(��e�*](��&�)t��
H?FEB?IFAC?IJG�CgB?IJGC�G�I?wEBKG
00�l�mL�$%$N�$%1��OFFPQRSSTCAUCBVSG
WXUWXX[SAZwU[Wqo\UG

�����*'(;���e�_���e�*,����̂�/���-��<��,��c�4���
_���,)������8��;(�<�*��2���a����*��!���
-��]��|e��)�)��&���8(�����e���e����,����!���
e�),�*�|��* ��)��-���_��]�)��&���
&�,7<�*������&(����������2�)(<(]���_���
�*��̂�+(;�*�)��_���$$1��6����(��e�*](��
�*��:="�)'�(�,��b�,(��2�)�*5(],��*�6 |�
"���'],)�,7��'+7�u*+(),��*��6�,7�*+��
87�}(��*+���*��8}�<<�*+��*�/���)��
�DEBAwI?G�CgB?IJGC�G>PATEDACJCV�KG
0M#l�mL0%�N0M#��OFFPQRSSTCAUCBVSWXUWXynSG
IZES�iZnYpUG

b�*+��d���!�+(*,��_���8'��/�|{���e7(*��{�|d���
e7(*��/�|e���{)�'*+��e�!����*��b�*+��8�|�
z���$0#��/�(*�,���(="�)'�(�,��
"(�5�'���]��3�= ��]��]��)�l/�e!)m��*��
5(,����*��"�),*�,���+��},7��*�,7(�a��}�*�
_�,(�*����*��u*5�*,�e�7��,�8,'� ��

>?@ABC?DE?FIJGvEIJFOGkEBQPEwFA@EQKG
0�%l00mL01�%N0�$$��

b�*+��z�����])�&(*}�]t��2����*��&(+����8��
�$0���&(|�))())�*+�(55(],)��5�3��<��(��*��
+��*'�����],�;�,(��]��3�*��*���)�*5(],��*�
3 "���'],�5��<�,��*������G�IFEBG
�wAE?wEKG0l%m��OFFPQRSSTCAUCBVSWXUWXX[SG
IiQ[UWWp\UG

b�,(�5�(����-���&�+(�)��_���-��*�.(�*��/���
!'557�<<(���_����*��8'*��*+��2���$�$��
&(�']�*+�:="�)'�(�,��{�+7�z(;(�)��5�
/(�5�'���*�,(��e�<"�'*�)��*�2��*t�*+�
b�,(��u<"��;()�&("���'],�;(�4',]�<()L�
:;��(*](�5��<��*�u*,(�;(*,��*��*�
_�**()�,���>?@ABC?DE?FIJGvEIJFOKG0�L0N�
00��OFFPQRSSTCAUCBVSWXUWWoYSQW[ypXrX[XrG
XXqyWrXUG

b(�)<�*��&�c���{(�*��]7��!���z(,t�(}�]9������
_())*(���_���8,'�(���̂���b�*+��z����*��
&(+����8���$����:),�<�,�*+���,��*���
:="�)'�()��*��/�,(*,����6����(��e�*](��
e�)()�!))�]��,(��}�,7�e7����*�,��*�
26/)��*�~8�2��*t�*+�b�,(���
>?@ABC?DE?FIJGvEIJFOGkEBQPEwFA@EQKG
0x$l�mL$�1$$���OFFPQRSSTCAUCBVSWXUW[oySG
>vkyyoqUG

b�t),��̀<��8���z�*��/�u���z�*�7��e�{���87'��{���
�*��6��*(7�+��e�-���$�$��_�,(�*���
8(�'<�z(;(�)��5�/(�5�'�����t ��
8'3),�*]()��*�:��� �/�(+*�*] ��*��
455)"��*+�6��,7�b(�+7,��kETAIFBAwG
hEQEIBwOKG�1l#mL0$�xN0$����OFFPQRSS
TCAUCBVSWXUWXnoSQpWnyXrXWyrX\[XrWUG

b�*�7�<��-����*���(*),(���z���$$���
:*;���*<(*,���e�*,�<�*�*,)��*��
"�(+*�*] �4',]�<()���EBFAJAF�GI?TG
�FEBAJAF�KG��l�mL(000N(00#��OFFPQRSS
TCAUCBVSWXUWXWYSZU�EBF?QFEBFU[XX\UW[UXpWUG

b��+7,��c�_���z((��!�z���&�""�99���̂���&'��{���
&��t(��:����*��6�,()�*��a�����$�x��
8 ),(<�,�]�&(;�(}��*��_(,�|�*�� )�)��5�
6��,7�b(�+7,��*��/��!�:="�)'�()��
>?@ABC?DE?FIJGhEQEIBwOKG���L00MxM1��
���L�0$�0$0#�.�(*;�()��$�x�00MxM1��:"'3�
�$�x�c�*��%��/_u2L�x#1$#�����

d��������-����d����7�*+��d�����*��̂���z�(}������
�*��a��*��d���$�0��!))�]��,��*)��5�
"�,(�*����*��<�,(�*���"(�|��*��
"�� 5�'�����t ��)'3),�*]()�(="�)'�(�
}�,7�]����)(�'<��("���'],�;(�7��<�*()��
"��](*,���),(�����+(*�]�(*9 <(��*��3��,7�
}(�+7,���OEDCQPOEBEKG��ML0x0M�0��

d�")�t����̂����*��e�(]�(*������$0$��:55(],��5�
a "(��5�-��*'����!],�;�,(��e��3�*��*�
24e�6���(+����,��*��*�6����+�]���
!],�;�,(��e��3�*����,(�)��kBCwEQQG
�ACwOEDAQFB�KG%MlxmLxMMNx#���OFFPQRSS
TCAUCBVSWXUWXWYSZUPBCw�ACU[XXyUWXUXXqUG

d�*������2���a���e��������z�'��������(��c����*��
�7�*+��8���$�0��e7��*�]�(="�)'�(�,��
"(�5�'���7(=�*(�)'�5�*�,(��(��)�,����
�("���'],��*��(5�]�,�3 �)'""�())�*+�
7 "�,7���<�]�t�))"(",�*�(="�())��*��*�
<�](���CgB?IJGC�G�@IBAI?GhEQEIBwOKG0%L0N�
0x��OFFPQRSSTCAUCBVSWXUWWoYSQWnXporX[WrG
XXyXnr�UG

��++����!���e�*,(��z�������(,,���z�����*,��_���
�*��e7���3�����!���$0#��~)(��5�),��*+�
�*��*�(=]7�*+(��()�*)�5���,7(��(<�;����5�
"(�5�'�����t ��,(��)'3),�*]()�5��<�
]�*,�<�*�,(�����*t�*+�}�,(���*�3�,]7�
�*��]�*,�*'�')�"���,�"��*,)���IFEBG
hEQEIBwOKG�0L0x1N0%#��OFFPQRSSTCAUCBVSG
WXUWXWYSZUiIFBEQU[XWqUW[UXnyUG

����������������

pXG��hGkIBFGWpWG

:*;���*<(*,���"��,(],��*��
u*]��"���,��*�3 ��(5(�(*](��u*���*)��
��*�)��u*,(�+�;(�*<(*,����(��,��*)��
_�*�,���*+��*���*�� ,�]����(�'��(<(*,)��
/(�|��*��"�� 5�'�����t ��)'3),�*]()��
&("��,�*+��*���(]���t(("�*+�
�(�'��(<(*,)��b�,(��)'""� ��

pXG��hGkIBFGWp[G

:*;���*<(*,���"��,(],��*��
!�<�*�),��,�;(�"��],�](��*��"��](�'�(��
u*���*)���*�)��u*,(�+�;(�*<(*,���
�(��,��*)��_�*�,���*+��*���*�� ,�]���
�(�'��(<(*,)��/(�|��*��"�� 5�'�����t ��
)'3),�*]()��&("��,�*+��*��
�(]���t(("�*+��(�'��(<(*,)��b�,(��
)'""� ��

���	�
�������	���

�TDA?AQFBIFCBUG

����,7(��(�)�*)�),�,(���*�,7(�
"�(�<3�(��,7(�:*;���*<(*,���/��,(],��*�
!+(*] ��<(*�)�%$�e�&�"��,)�0%0��*��
0%���)�5����})L�

� ¡¢£¤¥¤¦§ ¢̈©§ ª£�¡̈« ¡¬£
¡̈§®̈§̄ £° ¢±¡£¡±̄ ²ª ¢̈©§³£

´0��a7(��',7���, �]�,�,��*�5���"��,�0%0�
]�*,�*'()�,���(����)�5����})L�

µ������¶·�%��~�8�e��x$$5��x$$+N0��x$$+N�
���x$$+Nx��x$$+N%��x$$+NM��x$$+N#��x$$.N%��
x$$.N����*��x$$.N00��

´���!<(*��̧0%0���3 �����*+��*�
��"7�3(,�]������(��,7(��(5�*�,��*)�5���
¹¹{�9����u*�(=�l{umºº��¹¹{�9�����'�,�(*,�
l{�mºº��¹¹{(��,7|3�)(��}�,(��
]�*](*,��,��*�l{6bemºº��¹¹{�/4N2!����
-(*��]7(<�]��)ºº��¹¹/�68ºº��¹¹/�{=8ºº��
¹¹/��!ºº��¹¹/�4!ºº���*��¹¹/�48ºº�,���(���
�)�5����})L�

»¤¥¤¼½ ¾¿ÀÁÀÂÀÃÁÄ¼£

Å� Å� Å� Å� Å�
vI�IBTGH?TEÆGÇvHÈG�)�,7(�)'<��5�
]�<"�*(*,�7�9�����'�,�(*,)�l{�)m��
}7�]7���(�]��]'��,(��3 ���;���*+�,7(�
<(�)'�(���(+'��,(��/�!8�]�<"�*(*,�
]�*,�<�*�*,�]�*](*,��,��*��*�}�,(��
lEUVUKG(="�())(���)�"��,)�"(��,������*�l"",m�
���*�*�+��<)�"(����,(��l*+��mm�3 �,7(�
�))�]��,(��7(��,7|3�)(��}�,(��
]�*](*,��,��*�l{6bem�(="�())(���*�,7(�
)�<(�'*�,)��)�,7(�<(�)'�(��
]�*](*,��,��*�lEUVUKG"",����*+��m������
/�!8����<�=,'�(�{�9����u*�(=�+�(�,(��
,7�*�0�l'*�,�())m��)��*�(=]((��*](��5�,7(�
_ez��
vI�IBTGÉgCFAE?FGÇvÊÈG<(�*)�,7(���,���
�5�,7(�<(�)'�(��]�*](*,��,��*��*�
���*t�*+�}�,(��,��,7(�7(��,7|3�)(��}�,(��
]�*](*,��,��*�l{6bem��
vEIJFOr�IQETGiIFEBGwC?wE?FBIFAC?G
Çv���ÈG<(�*)��(;(��3(��}�}7�]7�,7(�(�
��(�*��t*�}*�����*,�]�"�,(����;(�)(�
7(��,7�(55(],)��;(������5(,�<(��5�

ËÌÍÎÏÐÌÑÒÌÓÔÕÕÖ×ØÕÙÑ ×ØÚÛÙÑÜÓÍÑ×ÝÞÑ×Ø×Ù ßàÐÑ×á×ØØÕ âãÑØØØØØ äÍåÑØØ×ÕÛ äåÐÑÙæØÕ ÒçåÐÑÙæØØ èÚéäêéäëé×áÜâê×ìÒíë ×áÜâê×î
î
Íï
å
ð
Ì
ññÌ
ÍÑ
ò
ó
ÑÎ
Ò
ô
Õ
×
Ø
ê
õ
×
Û
â
ê
ã
Î
Ñö
÷Ðð
Ñê
ø
ù
è
Ò
×



������ �����	
������������������������������ ��!"�����#���$�%�&'�()��*��&(+'��,��*)�

(-"�)'�(���*.�'��*+�)(*)�,�/(�
"�"'��,��*)��*����0(�),�+()���*������1)�
0����*���(2'�,(�3��+�*��0�)�0(, ��
456789:;���<=>?;@A=BC@DEF;3(�*)�
GH(3�.���!I),��.,�J(�/�.(��(+�),��,��*�
*'3I(��K��%��LKML#��.H(3�.���0��3'���
G#�KKNOP��Q*,(�*�,��*���R*��*��0�S'�(�
�*��!""��(��GH(3�),� �"�(0(��(��*�3(�
��O�O�OP,(,��0�'���P�P�
TH(",�0�'���"��"�- U"��"�*��,(�����*+�
1�,H��,)�.�*V'+�,(��.����*���* �)��,)��
�(��/�,�/()���)�3(�)�����.�3I�*�,��*)�
,H(�(�0��

W� W� W� W� W�
65XY;3(�*)�GH(3�.���!I),��.,�
J(�/�.(��(+�),��,��*�*'3I(��%ZK�MLKZL�
O��.H(3�.���0��3'���G%��JNOP��
"(�0�'���I',�*(�)'�0�*�,(�����*+�1�,H�
�,)�.�*V'+�,(��.����*���* �)��,)��
�(��/�,�/()���)�3(�)�����.�3I�*�,��*)�
,H(�(�0��
654[Y;3(�*)�GH(3�.���!I),��.,�
J(�/�.(��(+�),��,��*�*'3I(��K$�%�MLZOL�
���.H(3�.���0��3'���G#�KOJNOP��
"(�0�'���H(-�*(�)'�0�*�,(�����*+�1�,H�
�,)�.�*V'+�,(��.����*���* �)��,)��
�(��/�,�/()���)�3(�)�����.�3I�*�,��*)�
,H(�(�0��
65\:;3(�*)�GH(3�.���!I),��.,�
J(�/�.(��(+�),��,��*�*'3I(��M�$$ML#�L�
���.H(3�.���0��3'���G��KMN�P��
"(�0�'���*�*�*��,(�����*+�1�,H��,)�
.�*V'+�,(��.����*���* �)��,)��
�(��/�,�/()���)�3(�)�����.�3I�*�,��*)�
,H(�(�0��
657:;3(�*)�GH(3�.���!I),��.,�
J(�/�.(��(+�),��,��*�*'3I(��%Z��ZLZKL�
#��.H(3�.���0��3'���G��KZN�P��
"(�0�'����.,�*��,(�����*+�1�,H��,)�
.�*V'+�,(��.����*���* �)��,)��
�(��/�,�/()���)�3(�)�����.�3I�*�,��*)�
,H(�(�0��
657Y;3(�*)�GH(3�.���!I),��.,�
J(�/�.(��(+�),��,��*�*'3I(��%Z���L�$L�
#��.H(3�.���0��3'���G��KMJNOL��

"(�0�'����.,�*()'�0�*�,(�����*+�1�,H��,)�
.�*V'+�,(��.����*���* �)��,)��
�(��/�,�/()���)�3(�)�����.�3I�*�,��*)�
,H(�(�0��

W� W� W� W� W�

]O��!3(*��̂K%K�#�I ��(/�)�*+�
"���+��"H�T�U��*������*+�"���+��"H�T�U�
,���(����)�0����1)_�
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@JQRIFRĈR@K?̂CRSSRP?FC
A@WCIRFEK?CB>C@JQRIFRC
R̂@K?̂CRSSRP?FC\̂ R>CP=Aa
XB>RJCB>C@CABe?EIRnC̀=ARC
VR=VKRC\̂ =CP=>FEARC
JIB>[B>NC\@?RICP=>?@B>B>NC
ABe?EIRFC=SCfgh̀ CB>CRea
PRFFC=SC?̂RC]@c@IJCd>JReC
D]dGCL<MCA@WĈ@QRCB>a
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gĥ GOXRKaiOYQLNNRQOKR̀RKZj]

ekfO\cROIaZYOQRURMYOYcQRROUaMZRUTYL̀ROHMMTHKOIaMLYaQLMNOQRZTKYZOHKKO_RIl
aMZYQHYR_OUaMURMYQHYLaMZOaPOHKKOQRNTKHYR_Ogĥ GOXRKaiOYQLNNRQOKR̀RKZjOaQ]
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M̂MTHK]]]]]]]]] ÔGYHYROIHtRZOHO_RYRQILMHYLaMOYcHYOHKKOQRNTKHYR_Ogĥ GOUaMURMYQHYLaMZOHYO
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e[fÔMVOQRNTKHYR_Ogĥ GOUaMURMYQHYLaMOIRRYZOaQORzURR_ZOHOYQLNNRQOKR̀RKO_TQl
LMNOLMLYLHKOIaMLYaQLMNj]

ekfOGHIJKLMNOLZOaUUTQQLMNOSTHQYRQKVO_TQLMNOUaIJKLHMUROIaMLYaQLMNOHM_OHO
GYHYROcHZOMaYOIH_ROHO_RYRQILMHYLaMOYcHYOHKKOKR̀RKZOaPOQRNTKHYR_Ogĥ GOHYO
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Draft National Recommended Human Health Ambient Water Quality 
Criteria for PFOA, PFOS, and PFBS  

December 2024 

As part of the Environmental Protection Agency’s efforts to safeguard human health from exposure to 
per- and polyfluoroalkyl substances (PFAS), the agency has published draft national recommended 
human health criteria for three PFAS – perfluorooctanoic acid (PFOA), perfluorooctane sulfonic acid 
(PFOS), and perfluorobutane sulfonic acid (PFBS) – for a 60-day public comment period. These draft 
Clean Water Act (CWA) recommended criteria reflect the latest scientific knowledge regarding the 
human health effects, exposure information, and bioaccumulation potential. Once final, the human 
health criteria will provide national recommendations to states and Tribes authorized to establish their 
own water quality standards under the Clean Water Act. National recommended human health 
ambient water quality criteria are not regulations, nor do they impose legally binding requirements. 

Background 
To help states and Tribes protect people from harmful health effects from exposure to pollutants in surface 
waters, the EPA periodically publishes national human health criteria recommendations under CWA Section 
304(a). The national recommended human health criteria provide information for states and authorized Tribes 
to consider when developing their own water quality standards.  
 
On October 18, 2021, EPA Administrator Regan announced the agency’s PFAS Strategic Roadmap, laying out a 
whole-of-agency approach to addressing PFAS. This included the EPA’s efforts to develop PFAS recommended 
human health criteria (HHC), starting with PFOA and PFOS. The EPA has released draft recommended human 
health criteria for PFOA, PFOS, and PFBS and will accept public comments on these criteria documents for 60 
days upon announcement in the Federal Register. Following the comment period, the EPA will review the public 
comments and revise the criteria accordingly. The EPA will then release final criteria recommendations and 
responses to public comments.  

What are national recommended human health water quality criteria? 
People can be exposed to pollutants, such as PFAS, when drinking water and eating fish and shellfish from 
polluted water bodies. Under CWA Section 304(a), the EPA develops, and from time to time, updates, 
recommended water quality criteria for the protection of human health. States and authorized Tribes can 
consider the EPA’s recommended criteria when setting water quality standards for their lakes, rivers, and other 
inland and nearshore water bodies to protect public health. 
 
The EPA’s CWA Section 304(a) HHC documents provide scientific information on the human health effects of the 
pollutants as well as the national recommended levels of pollutants in water (criteria), which, if not exceeded, 
are expected to protect against adverse effects to human health. For each contaminant, the agency has derived 
two HHC values: (1) the “water + organism” HHC and (2) the “organism only” HHC. The EPA develops national 
recommended human health criteria using a mathematical equation that includes a final toxicity factor, 
exposure factors (for body weight, fish consumption, and drinking water intake), bioaccumulation factors, and a 
relative source contribution which accounts for exposure from other potential sources (i.e., air, soils, marine fish 
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consumption). The equations for deriving water + organism, or organism only criteria, as well as equations for 
cancer and non-cancer-based HHC, can be found in the EPA’s 2000 Methodology (EPA, 2000) document and in 
each HHC document.  

What are the draft National Recommended Ambient Water Quality Criteria for the 
Protection of Human Health for PFOA, PFOS, and PFBS? 
The draft criteria (Table 1) summarize the ambient concentrations for PFOA, PFOS, or PFBS in surface water, 
which, if not exceeded will protect the general population from adverse health effects due to ingesting water, 
fish, and shellfish from inland and nearshore water bodies. The EPA provides recommendations for “water + 
organism” and “organism only” criteria for states and authorized Tribes to consider when adopting human 
health criteria into their water quality standards. Under the CWA, states and authorized Tribes designate the 
uses of their water bodies and adopt criteria into their water quality standards to support those uses. 
 
For PFOA and PFOS, the EPA developed draft recommended HHC based on the final non-cancer toxicity values 
(RfD) and cancer slope factors (CSF), as both chemicals are Likely to be Carcinogenic to Humans, based on the 
final human health toxicity assessments (EPA, 2024a, b). For PFOA, the EPA is recommending HHC based on the 
values derived using cancer inputs because they are lower than the noncancer-based HHC and thus, protect 
against both adverse noncancer and cancer health effects. For PFOS, the EPA is recommending the noncancer 
HHC because they are lower and thus, protective of both adverse noncancer and cancer health effects. For PFBS, 
the draft recommended human health criteria are based only on non-cancer health effects because the PFBS 
toxicity assessment determined that there is Inadequate Information to Assess Carcinogenic Potential for PFBS 
and no CSF was developed. 
 
Under the EPA’s recently finalized Method 1633 used for analysis of these three PFAS in aqueous samples, the 
limit of quantification (LOQ) representing the observed LOQs in the multi-laboratory validation study, range 
from 1 to 4 ng/L. The pooled Method Detection Limits (MDLs) are 0.54 ng/L (PFOA), 0.63 ng/L (PFOS), and 0.37 
ng/L (PFBS). The pooled MDL values are derived from the multi-laboratory validation study using MDL data from 
eight laboratories and represent the sensitivity that should be achievable in a well-prepared laboratory but may 
not represent the actual MDL used for data reporting or data quality assessments (EPA, 2024c). The MDLs and 
ranges presented here are provided for comparison of analytical concentrations and draft recommended HHC. 

Table 1. Draft Human Health Criteria (HHC) for Three PFAS. 

PFAS  Water + Organism HHC 
(ng/L; ppt)1 

Organism Only HHC  
(ng/L; ppt)1 

PFOA 0.0009 0.0036 
PFOS 0.06 0.07 
PFBS 400 500 

1 Values are provided in ng/L units to aid in comparison to method detection limit (MDL).  

Consideration of PFAS mixtures for HHC 
The available scientific information shows that mixtures of PFAS can result in dose additive health effects, 
meaning that the combined effect of the component chemicals in a mixture is equal to the sum of the individual 
doses or concentrations, scaled for potency. Therefore, specific approaches based on dose-additivity are 
available and could be used to the develop a PFAS mixture HHC. In these draft recommended criteria, the EPA 
provides an illustrative example for states or Tribes interested in developing a water quality standard for a 
mixture of two or more PFAS for which human health criteria have been developed using the hazard index (HI) 

https://www.epa.gov/wqc/human-health-water-quality-criteria-and-methods-toxics#methodology
https://www.epa.gov/sdwa/additional-supporting-materials-final-pfas-npdwr
https://www.epa.gov/system/files/documents/2024-12/method-1633a-december-5-2024-508-compliant.pdf
https://www.epa.gov/system/files/documents/2024-12/method-1633a-december-5-2024-508-compliant.pdf
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approach. The HI approach is further described in the final Framework for Estimating Noncancer Health Risks 
Associated with Mixtures of Per- and Polyfluoroalkyl Substances (PFAS).  

Where can I find more information? 
View the draft human health criteria documents for PFOA, PFOS, and PFBS, and other related information on the 
EPA’s website at: https://www.epa.gov/wqc/human-health-water-quality-criteria-pfas 
For more information on water quality criteria, visit: https://www.epa.gov/wqc 
For more information on PFAS, visit: https://www.epa.gov/pfas 
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