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Who is commenting? (choose the best fit)
Representative of a public health group
 

If you are commenting as a representative, what is the name of the entity you are commenting on behalf of?
Joint comments submitted by Alaska Community Action on Toxics, Alliance of Nurses for Healthy Environments, Center for
Environmental Health, Clean Water Action Minnesota, CURE, Earthjustice, and Slingshot
 

Do you have any recommended changes or other considerations that you think the MPCA should take into account when defining the
term "essential for health, safety, or the functioning of society"? (Please review the proposed definitions in the rule concept document
prior to answering)
• Commenters support the draft essentiality definition. Its requirement that applicants show that unavailability of PFAS will result in a
“significant” negative impact to human health, the environment, or services upon which society relies is consistent with the purpose
and structure of Amara’s Law. The law is a broad ban on PFAS use, enacted in response to an urgent public health crisis. Given the
significant societal costs of ongoing PFAS use, Amara’s Law contemplates narrow exemptions, as reflected not only in the essentiality
requirement but also the time limitation (i.e. *currently* unavoidable uses). Commenters recommend MPCA provide narrative criteria
elaborating on the significance thresholds (subparagraphs A–C) by, for example, explaining what types of impacts would not meet it.
For example, diminished cleaning efficiency for cookware would not reach the significance threshold. <br>• Commenters recommend
incorporating reference to use of PFAS in a process and deleting the word “intended” before reference to the product’s function, which
may introduce some ambiguity.
 

Do you have any recommended changes or other considerations that you think the MPCA should take into account when defining the
term "alternative"? (Please review the proposed definitions in the rule concept document prior to answering)
• Commenters are concerned that the requirement that an alternative “result in a functionally equivalent product” may exclude
reasonable alternatives. For example, a cast iron or ceramic pan may not function “equivalently” to a pan with a fluoropolymer
coating, but the difference in function or service is immaterial. MPCA should propose a different standard that focuses on a product’s
function but does not require equivalence. “Comparable performance” referenced elsewhere in the draft rule concept may be an
option, although MPCA may identify another appropriate standard that reflects a tolerance range for product function. Also,
commenters recommend adding to the “alternative” definition an express statement that “an alternative need not yield a functionally
equivalent product or process.” <br>• Commenters recommend the definition incorporate a consideration of the use of PFAS in a
process. <br>
 

Do you have any recommended changes or other considerations that you think the MPCA should take into account when defining the
term "reasonably available"? (Please review the proposed definitions in the rule concept document prior to answering)
• Commenters recommend including, expressly in the definition, MPCA’s clarification that “reasonably available” is not focused on
cost. <br>• Commenters recommend the references to alternatives mirror the language of the “alternatives” definition and thereby
clarify that the focus is on the *product* function, not the PFAS function. <br>• Commenters recommend incorporating the possibility
of procurement in sufficient quantities. As MPCA acknowledges in the draft definition, reasonable availability may change over time.
Requiring that an alternative is “currently available in sufficient quantity” misses the critical demand-forcing function of regulation.
This PFAS ban creates regulatory certainty that can fuel demand for alternatives, in turn driving increases in alternatives supply. For
existing products, for example, MPCA has proposed a CUU application deadline of January 1, 2030, which would provide two years
of lead time for procurement of alternatives. <br>• To address these concerns, commenters recommend the definition of “reasonably
available”: <br>“Reasonably available” means that one or more alternatives to a PFAS that result in a product, component, or process
that can perform comparably to the one being considered for replacement is currently available or may be procured in sufficient
quantity. PFAS alternatives that are already in use and result in products, components, or processes that perform comparably to those
being considered for replacement are considered “reasonably available.” PFAS alternatives that are known to result in products,
components, or processes that perform comparably to those being considered for replacement and may be procured in sufficient
quantity are also considered “reasonably available.” Conditions of current reasonable availability may change over time as a result of
new research, innovation, or increased demand. Quantity, not cost, is the principle governing availability. <br>
 

When considering the proposed definition of “product category”, how broadly should the agency group product categories? 
(Examples: “vehicles” versus “sedans, SUV’s, vans, trucks, RV’s” or "printers" versus "receipt printers, thermal printers, label
printers, residential printers, commercial printers, etc.")
• Commenters recommend that MPCA add function of the PFAS as a feature defining “product category,” rather than focusing
exclusively on the purpose of the product itself, which may result in overbroad categories. For example, “sedans” are complex
products that involve different PFAS uses in different contexts, ranging from gases in the AC system to engine lubricants to coatings
on the interior upholstery. Each of these PFAS uses should be considered individually. Thus, instead of “trucks” or “sedans,” a
product category like “fluorinated refrigerants in electric vehicle air conditioning systems” would be appropriate. <br>• As discussed
in response to Question 20, this definition and others in the draft rule concept use the terms “function” and “purpose” interchangeably
to reference similar concepts. For clarity and enforceability, commenters recommend consistency and specificity in how these terms
are used throughout the rule. For example, maybe “function” is only used in the context of the role of a PFAS in a product and



“purpose” is only used in the context of a service a product provides. <br>• In the clarification that “product category . . . does not
mean variations within a product,” the phrase “does not mean” is ambiguous: it is unclear whether variations would be considered part
of the same category or not. To address this, commenters recommend an express statement such as “variations among products that do
not affect the product’s primary function shall be considered as part of the same product category.” <br>
 

Should each request for a CUU determination be limited to a single product category, or should applicants be allowed to submit a
request for a CUU determination for multiple product categories?
If MPCA will require an applicant seeking a CUU determination for multiple product categories to meet all of the CUU request
requirements for each individual category, commenters do not object to allowing requests for multiple categories in one application.
For example, perhaps a vehicle manufacturer could submit a single application requesting a CUU for multiple categories, such as
fluorinated refrigerants in AC systems of electric vehicles and vehicle interior upholstery coating. But CUU determinations should be
made for each category individually, based on MPCA’s assessment of whether the CUU requirements have been met for each. In this
example, the CUU request for refrigerants in AC systems should be considered independently of the request for coatings on interior
upholstery.
 

The agency is seeking feedback on the potential that the initial positive CUU determination duration for existing products will expire
eight years from the date of issuance regardless of product category. This is intended to stagger renewal deadlines and ease the
administrative burden of processing renewals.

Do you have any concerns about unintended consequences with this proposal?
Do you have any alternative recommendations to stagger renewal deadlines?

• A shorter duration for CUU determinations for existing products would be preferable, given MPCA’s recognition in the draft rule
concept (Question 18) that 5 years is typical for a regulatory exemption in similar circumstances. If 8 years is necessary to ensure
administrability by MPCA, commenters do not object at this stage. As discussed in response to Question 20, however, the public
should have the opportunity to petition for reconsideration of a CUU determination where new information shows that adequate
alternatives are reasonably available. <br>• Commenters support limited-duration CUU determinations because this is consistent with
the statute’s narrow exemption for “currently unavoidable uses.” Limited-duration CUU determinations are critical to ensuring that
there are incentives to keep innovating and seeking PFAS alternatives. <br>• Commenters do not oppose staggering renewal deadlines
if it simplifies the implementation of Amara’s Law for the MPCA. <br>• Commenters recommend that MPCA require applicants
seeking renewal of CUU determinations to report their efforts to find alternatives since the last CUU grant. This should include
detailed descriptions of the efforts and outcomes, and renewal applications missing such information should be deemed incomplete.
<br>
 

The MPCA has developed a preliminary list of potentially eligible data categories that may be considered for trade secret requests.
(Please review the rule concept document for the list of potentially eligible data)

Do you have any concerns about unintended consequences with this proposal?
Do you have any alternative recommendations for data that should or should not be eligible for trade secret requests?

• Commenters recommend that MPCA exercise great caution in offering trade secret protections for information in CUU applications.
Non-disclosure of this information limits the public’s ability to understand risks and meaningfully comment on continued use of
PFAS, which imposes significant costs to society. And policy favoring disclosure is enshrined in the Minnesota Government Data
Practices Act, the purpose of which is to make sure government proceedings are open to the public. See Prairie Island Indian Cmty. v.
Minnesota Dep't of Pub. Safety, 658 N.W.2d 876, 883 (Minn. Ct. App. 2003). <br>• Consistent with these principles, commenters
support the requirement to provide alternative information for trade secrets and urge MPCA to narrowly limit the categories of
information eligible for trade secret protections and the duration of such protections. With respect to data categories, more information
is needed to determine whether trade secret protection is appropriate for: (1) reformulation or redesign of the product, technique, or
production process that a manufacture may need to implement an alternative; and (2) physical description that would best identify a
non-chemical alternative. With respect to duration, MPCA could consider whether limiting the duration of protection to fewer than 10
years is appropriate. See Minn. Stat. § 13.03, subd. 8. <br>• Commenters appreciate the provision in the PFAS reporting rule expressly
stating that trade secret requests must be made according to Minn. R. 7000.1300, which requires an affirmative showing that
protection is appropriate, and MPCA should include a similar provision in the CUU rule. <br>
 

What are the potential ongoing costs to society if the commissioner issues a positive currently unavoidable use determination for the
continued use of PFAS within a product or product category? (For example: environmental, human health, or remediation costs)
• The widespread use of PFAS has led to significant contamination of drinking water, soil, air, natural resources, food, and people
throughout Minnesota, and the state has already experienced the detrimental effects and significant costs of PFAS use. MPCA has
already reported that PFAS remediation from municipal wastewater would cost $2.7 million to $18 million per pound, and these costs
are anticipated to be 70% higher for newer short-chain PFAS. Groundbreaking Study Shows Unaffordable Costs of PFAS Cleanup
from Wastewater (June 6, 2023),
https://www.pca.state.mn.us/news-and-stories/groundbreaking-study-shows-unaffordable-costs-of-pfas-cleanup-from-wastewater.
<br>• Another recent study emphasized that reducing PFAS production and emissions is critical, because the costs of removing and
destroying PFAS released into the environment at current rates was estimated to exceed the global GDP of $106 trillion. Ling, A
Estimated Scale of Costs to Remove PFAS From the Environment at Current Emission Rates. 918 Sci. Total Environ. 170647 (2024).
<br>• Continued PFAS use contributes substantially to disease and disability in the U.S., and the associated costs are at least $5.52
billion and as much as $62.6 billion per year. Obsekov, Kahn, & Trasande, Leveraging Systemic Review to Explore Disease Burdens
and Costs of Per- and Polyfluoroalkyl Substance Exposures in the United States, Exposure and Health 15:373-394 (2022). <br>• A



and Costs of Per- and Polyfluoroalkyl Substance Exposures in the United States, Exposure and Health 15:373-394 (2022). <br>• A
2025 study of birth outcomes of mothers receiving PFAS-contaminated water estimated that the annual societal cost of PFAS
contamination in the contiguous United States is $8 billion. Baluja et al., PFAS-contaminated Drinking Water Harms Infants, PNAS,
122(50) (2025), https://doi.org/10.1073/pnas.2509801122. <br>• A 2026 European Commission study examined societal costs of
continued PFAS use in Europe and the costs quantified included: loss of life (quality and length), demographic impacts from lower
birth rates and adverse birth outcomes, worker productivity losses, health care demands, agricultural and fishery production declines,
remediation and water treatment, land use losses, property value losses, and administration of PFAS response (testing, monitoring).
Euro. Comm’n, The Cost of PFAS Pollution for Our Society (2026),
https://op.europa.eu/en/publication-detail/-/publication/2bcea765-fbf8-11f0-8da5-01aa75ed71a1/language-en <br>• Some societal
costs associated with PFAS use are unquantifiable. Amara Strande testified that growing up in East Metro St. Paul, where a PFAS
plume contaminated drinking water and other natural resources, she and her sister were deprived of a normal childhood as Amara
began battling cancer at age 15. In her words: “Through no fault of my own, I was exposed to these toxic chemicals. And as a result, I
will die with this cancer. . . . [T]he physical and emotional toll it is taking on me and my loved ones is unimaginable.” Clean Water
Action (Jan. 27, 2023), https://cleanwater.org/2023/01/25/MN-PFAS-Amara-Strande. Amara observed that neighbors and friends had
also been significantly affected by the PFAS contamination of their community. Indeed, the experience of living in contaminated
environments has been linked to psychological impacts including anxiety and depression. Legg et al., The Relations Between Mental
Health and Psychological Wellbeing and Living with Environmental Contamination: A Systematic Review and Conceptual
Framework, 87 J. Env’t Psych. 101994 (2023), https://www.sciencedirect.com/science/article/abs/pii/S0272494423000427. <br>
 

For manufacturers: Administrative cost of requesting a CUU determination (Part 1 of 2). Please provide your best estimates or
rough orders of magnitude (for example "approx. 200 hours"). Precise accounting data is not necessary to answer this question. 

If your company currently possesses information regarding intentionally added PFAS (to the CAS number level) for all components
in your product lines, please estimate the number of technical staff hours that were required to establish this baseline.
Not applicable
 

For manufacturers: Administrative cost of requesting a CUU determination (Part 2 of 2). Please provide your best estimates or
rough orders of magnitude (for example "approx. 200 hours"). Precise accounting data is not necessary to answer this question. 

If your company does not possess information regarding intentionally added PFAS (to the CAS number level) for all components in
your product lines, please estimate the number of technical staff hours needed to obtain this data from your Tier 2 or 3 suppliers for a
single product line.
Not applicable
 

Please provide any additional information or documentation needed to support your answers to any of the questions posed.
Some sources cited in response to Question 13 are attached.
 

Do you have any additional questions or comments regarding the PFAS in products: Currently unavoidable use rule? (Please note that
we may be unable to respond to specific questions regarding rule content in this phase of the rulemaking process)
• We appreciate the Minnesota Pollution Control Agency's careful consideration of issues in this rulemaking and are encouraged by
global efforts to follow Minnesota’s lead in this area. <br>• Assessment of Alternatives: Commenters support the requirement that
applicants disclose whether an alternative is listed on a regulatory chemical of concern list. Commenters recommend that MPCA
additionally require disclosure of whether a GreenScreen or alternative hazard assessment has been done, and if it has, require
disclosure of the results. <br>• Petition for review: Commenters request that MPCA provide opportunity for the public to petition for
review or reconsideration of a CUU determination within a certain period of time after it is initially granted. Additionally, to address
the previously mentioned concern that the 8-year duration of a CUU determination may outlast innovation or broad availability of
adequate alternatives, commenters request a provision for the public to petition for reconsideration of a CUU determination if there is a
showing that alternatives are now reasonably available. <br>• No “sell through” authority: Commenters support the MPCA’s
interpretation of Amara’s Law that it does not have “sell through” authority and therefore, after January 1, 2032, cannot allow the sale
of products containing PFAS without a CUU determination. Commenters recommend that MPCA clarify that a CUU determination
requires affirmative action by MPCA, and Amara’s Law does not support any default CUU approvals for applications pending before
MPCA. <br>• Generally, for clarity and enforceability, commenters recommend specificity and consistency in the use of terms with
similar or overlapping meanings. For example, the draft concept rule utilizes the terms “function,” “purpose,” and “service” somewhat
interchangeably. It would be preferable to choose one specific term for each context. For example, “function” references the PFAS use
in some provisions and the product use in other provisions. It would be preferable to use “function” exclusively in one context, such as
the PFAS use, and to use another word, such as “purpose,” when referencing the overall product. <br>
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Estimated scale of costs to remove PFAS from the environment at current 
emission rates 

Alison L. Ling 
Department of Civil Engineering, University of St. Thomas, 2115 Summit Ave, OSS 100, St. Paul, MN 55105, United States of America   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• PFAS remain and cycle in the natural 
environment until actively destroyed 

• Managing environmental stocks of PFAS 
through treatment alone is unaffordable 

• Reduced PFAS emissions is needed to 
avoid increasing environmental 
accumulation 

• PFAS use restrictions should regulate 
PFAS as a class and consider “essential 
uses”  
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A B S T R A C T   

This discussion article builds upon existing data to ask whether environmental remediation and treatment is an 
economically viable solution to manage global environmental stocks of per- and polyfluoroalkyl substances 
(PFAS) without extensive use restrictions. Their environmental persistence means that PFAS released into the 
environment will remain there until actively removed and destroyed. Thus, removing and destroying PFAS from 
the global environment at the same rate they are currently being added reflects a theoretical steady-state con
dition where global PFAS stocks remain constant. Current costs to remove perfluoroalkyl acids (PFAAs), a 
subclass of PFAS, from the environment at the same rate they are being added were estimated here at 20 to 7000 
trillion USD per year. If the ratio of total PFAS emissions to PFAAs emissions matches current production ratios, 
total PFAS release rates and associated treatment costs could be 10 to 10,000 higher than presented above for 
PFAAs only. Thus, current costs to remove and destroy the total PFAS mass released annually into the envi
ronment would likely exceed the global GDP of 106 trillion USD. While this level of treatment is not technically 
or economically achievable, it highlights the unaffordability of using environmental remediation alone to 
manage environmental PFAS stocks. Without significant reductions in production and emissions, the mass of 
PFAS present in the global environment will continue to rise. Treating targeted environmental media will be 
needed to manage human and environmental health impacts, but we are limited to the level of treatment that is 
practical and affordable.  
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1. Introduction 

1.1. Knowledge status: PFAS occurrence, toxicity, and regulations 

PFAS are a broad class of over 10,000 chemicals used in 
manufacturing processes and consumer products, across many in
dustries, including electronics, automotive, textiles, pulp and paper, 
metal finishing, and personal care products (Brunn et al., 2023; ECHA, 
2023). The definition used by the European Chemicals Agency (ECHA) 
states that PFAS contain “at least one fully fluorinated methyl or 
methylene carbon atom” without a halogen attached to it, and excludes 
certain fully degradable subgroups (ECHA, 2023). The PFAS most 
frequently studied and targeted by regulations are perfluoroalkyl acids 
(PFAAs), including legacy compounds perfluorooctanoic acid (PFOA) 
and perfluorooctane sulfonic acid (PFOS). As PFAS attract increasing 
regulatory and public attention, industries have pivoted to replace these 
legacy PFAS with alternate “replacement” chemicals. Many of these 
replacements are also PFAS despite the fact that uses in many consumer 
products have PFAS-free alternatives (Glüge et al., 2022). Environ
mental fate and health impacts of newer, replacement PFAS are less 
understood, complicating efforts to characterize the risks and remedia
tion options for PFAS in active use (Ruan et al., 2022; Wang et al., 2017). 

PFAS are globally ubiquitous in the environment and continue to be 
discharged and disseminated via global transport of products and 
wastes, atmospheric dispersion, surface water transport, and ground
water flow (D’Ambro et al., 2021; Kurwadkar et al., 2022; Stoiber et al., 
2020b). They have been reported in soil, water, and air samples across 
the world (Abunada et al., 2020; Cousins et al., 2022; Rauert et al., 2018; 
Valsecchi et al., 2013; Xu et al., 2021), and in human blood serum 
(DeLuca et al., 2021; Sunderland et al., 2019). The environmental fate of 
PFAS is complicated by transformations that can convert “precursor” 
PFAS into other PFAS. For example, some fluorinated gases and side- 
chain fluorinated polymers have been shown to degrade to PFAAs, 
such as highly persistent and mobile trifluoroacetic acid (TFA) (Brunn 
et al., 2023; Freeling and Björnsdotter, 2023; OECD, 2022; Sun et al., 
2020). So even if PFAAs are not produced commercially in the future, 
they can still be produced in the environment via degradation of other 
PFAS, including through environmental photolysis and oxidation 
(Armitage et al., 2006; Martin et al., 2006; Thackray and Selin, 2017), 
biological processes (Kolanczyk et al., 2023; Liu and Mejia Avendaño, 
2013), and wastewater treatment (Houtz et al., 2016; Thompson et al., 
2022). 

The ubiquity and increasing environmental stocks of PFAS raise 
concerns due to reported toxicity impacts to wildlife and humans (Brunn 
et al., 2023; Espartero et al., 2022; Jones et al., 2022; Sunderland et al., 
2019). A recent National Academies review found sufficient evidence for 
decreased antibody response to vaccines, dyslipidemia (including 
increased cholesterol), decreased birthweight, and increased risk of 
kidney cancer (National Academies of Sciences, Engineering, and 
Medicine, 2022). Household use of PFAS-containing products can 
expose humans to PFAS through skin exposure or inhalation of house
hold dust and volatilized PFAS in indoor spaces (DeLuca et al., 2021; 
Kissel et al., 2023; Sunderland et al., 2019). PFAS in groundwater and 
surface waters can also impact human health through drinking water 
supplies and agricultural uptake (Andrews and Naidenko, 2020; Stoiber 
et al., 2020a; Wang et al., 2020). 

Regulations regarding PFAS are rapidly evolving. Drinking water in 
the U.S. is currently subjected to health guidance values in 30 U.S. states 
(ITRC, 2023), with proposed Federal maximum contaminant limits 
(MCLs) for specific compounds (U.S. EPA, 2023b). PFOA and PFOS 
could soon be classified as a hazardous substance in the United States (U. 
S. EPA, 2022), which would impact production and remediation costs. In 
addition to these environmental regulations, regulations restricting 
PFAS production and use are being implemented in the EU and the 
United States (ECHA, 2023; Minnesota PFAS Ban, 2023; Vermont 
Legislature, 2021). PFOA, PFOS, and perfluorohexane sulfonic acid 

(PFHxS) are specifically addressed by the Stockholm Convention on 
Persistent Organic Pollutants, targeting international use limitations 
(OECD, 2023). 

European PFAS regulations are generally based on chemical char
acteristics rather than specific compounds (ECHA, 2023; European 
Drinking Water Directive, 2020). has Specific U.S. states have also 
passed PFAS use restrictions addressing PFAS as a group rather than on a 
chemical-by-chemical basis (California Safer Food Packaging and 
Cookware Act, 2021; Maine Legislature, 2021; Minnesota PFAS Ban, 
2023; Vermont Legislature, 2021). However, Federal regulations in the 
United States have largely focused on individual PFAS such as PFOA and 
PFOS rather than defining and restricting PFAS as a group (U.S. EPA, 
2021, 2022; U.S. EPA, 2023b). Regulations addressing PFAS as a class 
rather than as individual compounds accommodates the potential for 
environmental transformation of precursors to other PFAS, despite 
analytical constraints (Kwiatkowski et al., 2020). 

1.2. The problem with persistence 

The same chemistry that makes PFAS useful – the thermodynamic 
strength and short length of carbon‑fluorine bonds – also makes them 
difficult to degrade. Very few PFAS in use today readily degrade to non- 
fluorinated end products by any known environmental process (ITRC, 
2022b). Thus, persistent PFAS entering soils, groundwater, surface 
water, and the atmosphere remain in the environment until actively 
removed and destroyed. Our society has previously attempted remedi
ation of persistent and toxic contaminants in the environment, including 
polychlorinated biphenyl (PCBs) and chlorinated pesticides. However, 
PFAS, especially emerging short-chain compounds, can be both more 
persistent and more mobile than these legacy contaminants (Hale et al., 
2020), enabling ongoing dispersion and cycling in environmental air 
and water resources with ongoing risk of human exposure. 

Recent work argues that environmental persistence alone should be 
sufficient justification to regulate production of a chemical, because 
stocks of persistent chemicals added to the environment consistently 
increase, with increasing potential for known and unknown human 
health risks (Cousins et al., 2020; Cousins et al., 2019b). These risks are 
exacerbated by the very high societal cost of removing persistent 
chemicals from the environment once released (Barr Engineering Co., 
and Hazen and Sawyer, 2023; Brunn et al., 2023; U.S. Chamber of 
Commerce, 2022), by degradation of precursor PFAS into other PFAS, 
and by unknown health effects of replacement PFAS and PFAS mixtures 
(De Silva et al., 2021). Despite the challenges with environmental 
persistence, PFAS are still being produced and integrated into consumer 
products in “non-essential uses,” exacerbating the problem for future 
generations (Glüge et al., 2022; Ritscher et al., 2018). “Essential use” 
reflects chemical use that is “necessary for health, safety or is critical to 
the functioning of society” with “no available technically and econom
ically feasible alternatives,” while “non-essential uses” are primarily 
market driven (Cousins et al., 2019a). 

The problem of persistence also means that active treatment to 
remove and destroy PFAS from the environment is difficult and expen
sive. An U.S. EPA-sponsored, 2022 study evaluated the efficacy and 
readiness of non-combustion-based technologies to mineralize PFAS 
associated with spent granular activated carbon (GAC) and anion ex
change (AIX) media, soils, wastewater biosolids, aqueous film forming 
foams (AFFF), and landfill leachate. This study found limited techno
logical readiness other than high-temperature incineration, except 
potentially for applying supercritical water oxidation (SCWO) for AFFF 
destruction and pyrolysis for biosolids treatment (Berg et al., 2022). 
However, high-temperature incineration is expensive and primarily 
available at hazardous waste incinerators. The U.S. EPA reported typical 
costs for hazardous waste incineration at 1110 to 1610 USD per tonne of 
PFAS-containing liquids, sludges, and solids (U.S. EPA, 2020), orders of 
magnitude higher than the 55 USD per tonne national average for 
municipal solid waste tipping fees (Environmental Research and 
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Education Foundation, 2023). 

1.3. Mass balance on global PFAS stocks 

Environmental accumulation of PFAS is best understood by consid
ering a mass balance of PFAS stocks in the global environment. The 
primary sources of PFAS to the environment include production-phase 
emissions from PFAS production and product manufacturing facilities 
and use-phase emissions either released to the ambient environment 
near the point of use or routed through waste management facilities that 
receive PFAS from industrial, commercial, and municipal sources 
(Armitage et al., 2006; ECHA, 2023; Ehsan et al., 2023; Evich et al., 
2022; Schellenberger et al., 2022; Thompson et al., 2022) (Fig. 1). The 
ubiquity of PFAS in consumer products, associated diffuse nature of use- 
phase emissions, and environment mobility all contribute to the ubiq
uity of PFAS in environmental media worldwide. A mass balance 
showing current PFAS emission sources and destruction routes is illus
trated in Fig. 1. 

Current destruction of PFAS from environmental sources in the U.S. 
is limited to <15 hazardous waste incineration and GAC reactivation 
facilities, accepting a total of <3 million tonnes of mixed material per 
year (U.S. EPA, 2019). If that total capacity was dedicated to PFAS- 
containing wastes, the PFAS content of that waste matched PFAS- 
laden GAC reported at 10 to 55,000 ng/g (DiStefano et al., 2022), and 
capacity is scaled to the entire world based on gross domestic product 
(GDP), then current global PFAS destruction from environmental sour
ces would fall between 0.15 and 820 t/year. In contrast, global PFAS 
emissions likely exceed 100,000 tons per year (ECHA, 2023; Evich et al., 
2022). Thus, the mass rate of PFAS currently entering the environment 
vastly exceeds the mass rate being removed and destroyed. 

A steady-state condition with constant mass of PFAS in the global 
environment could theoretically be achieved by either increasing the 
amount of PFAS removed from the environment via active 

environmental remediation and destruction, reducing input sources of 
PFAS to the environment via PFAS use restrictions, or both. This paper 
presents a thought experiment evaluating costs to reach steady-state 
conditions by increasing environmental remediation and destruction 
to match current PFAS emission rates, acknowledging that those treat
ment rates are not actually feasible. This steady-state reference point 
could inform relative prioritization of environmental remediation and 
use restriction to manage PFAS in the global environment. 

This simplified, theoretical model does not consider the varying 
turnaround time of different environmental stocks, instead taking a 
holistic, long-term view of the global environment, where PFAS in 
medium-term and long-term environmental sinks can be recycled back 
into other stocks. Medium-term sinks include open ocean water, land
fills, and sediment burial, while long-term sinks include deep ocean 
burial and deep-well injection. A steady-state mass of PFAS in the global 
environment would not reflect steady-state conditions in all environ
mental stocks, as medium- and long-term sinks may take on more PFAS 
mass while media with shorter turnaround times and more potential for 
human exposure like the atmosphere and freshwaters may see reduced 
PFAS mass during global steady-state conditions. 

1.4. Why we need to better understand remediation costs 

The goal of this study is to contribute to discussion of long-term 
economic costs and benefits of PFAS use restrictions and environ
mental regulations. Societal costs will be incurred regardless of the 
future balance between 1) ongoing PFAS accumulation due to limited 
action, 2) reduced emissions through PFAS use and emission re
strictions, and 3) increased treatment through environmental regula
tions. The future balance between these actions will dictate the balance 
of negative effects, including 1) increasing human and environmental 
impacts from compounding environmental PFAS stocks, 2) economic 
impacts of use restrictions, and 3) remediation costs and associated 

Fig. 1. Simple mass balance on PFAS in the global environment, including boundaries used in this study for the global environment, current emissions, and current 
destruction. 

A.L. Ling                                                                                                                                                                                                                                          



Science of the Total Environment 918 (2024) 170647

4

externalities. Understanding the relative and ultimate costs of all three 
options can support development and prioritization of regulatory ac
tions regarding PFAS. 

The estimated annual health burden of current PFAS exposures were 
recently estimated at tens of billions of USD both in the United States 
and in the European Economic Area (Goldenman et al., 2019; Obsekov 
et al., 2023). These reflect a portion of societal costs associated with 
current environmental PFAS stocks and would be expected to increase as 
global PFAS stocks increase. Likewise, economic impacts of PFAS use 
restrictions are also starting to be characterized, with the European 
Chemical Agency estimating qualitative and quantitative cost impacts of 
recently proposed use restrictions (ECHA, 2023). 

However, reported cost estimates for removing and destroying PFAS 
from environmental media remain limited, especially at scales relevant 
to the global mass balance. The environmental media most widely 
treated for PFAS at full-scale is drinking water, where GAC, AIX, or 
reverse osmosis (RO) have been applied to separate PFAS from the water 
phase (AWWA, 2019). Reported removal efficiencies are primarily for 
PFAAs. As a result, full-scale cost estimates for separating PFAS from 
media other than drinking water or for separating non-PFAA PFASs from 
any media are not widely available. Furthermore, full-scale PFAS 
destruction remains limited to high-temperature thermal technologies 
with high costs (U.S. EPA, 2020), limited capacity (U.S. EPA, 2019), 
greenhouse gas emissions, and uncertain regulatory status (PFAS, 2022; 
NY Senate, 2020; US Department of Defense, 2023). 

The demonstrated human health impacts of PFAS will require envi
ronmental remediation in targeted applications to protect human 
health. However, resources available to address environmental PFAS are 
limited. For example, the Bipartisan Infrastructure Law in the U.S. set 
aside $9 billion USD over five years to treat PFAS in drinking water (The 
White House, 2023), but meeting proposed drinking water regulations 
was recently estimated at $55 billion USD and $24 billion USD by 
separate studies (Black and Veatch, 2023; U.S. EPA, 2023a). Funding 
sources to remediate landfills, wastewater effluent and biosolids, and 
contaminated soils and sediments are more uncertain, especially for 
facilities without an identified, liable polluter. Improved understanding 
of how much it costs to remove and destroy PFAS from the environment 
could help inform discussion of potential costs to implement regulatory 
criteria for drinking water, wastewater, and other media as well as po
tential societal cost savings from PFAS use restrictions. 

This discussion article addresses that need by considering approxi
mate cost estimates to remove PFAS from the environment as fast as they 
are being added. For the conceptual framework, order-of-magnitude 
estimates were developed for technology costs per mass PFAS 
destroyed and current global emission rates of PFAS mass per year, 
which were then multiplied together for an estimated annual cost to 
achieve theoretical steady-state conditions. 

2. Costs to remove and destroy PFAAs from environmental 
media 

2.1. Scope and assumptions 

The majority of PFAS removal projects with published treatment 
costs target long-chain PFAAs, such as PFOS and PFOA. These are also 
among the easiest PFAS to remove from the water phase due to their 
relative hydrophobicity (Neuwald et al., 2022; Westreich et al., 2018). 
Some PFAS, such as TFA and fluorinated gasses, do not have clear 
technologies available to reliably remove and destroy them from envi
ronmental media (Hale et al., 2022; Sheldon and Crimmin, 2022) and 
thus do not have established cost estimates for environmental remedi
ation. As a result, this order-of-magnitude cost analysis focused on 
PFAAs specifically, due to limited technology options, demonstrated 
projects, and associated cost estimates available for remediation and 
destruction of other PFAS. 

Because this discussion focuses on a global mass balance, treatment 

costs per mass of PFAS removed and destroyed are more relevant than 
costs per volume of media treated. This analysis considered published 
cost estimates that included both PFAS destruction costs and sufficient 
metadata to estimate mass of PFAA removed. Required metadata for use 
in this analysis included media type(s) treated, media treatment rates, 
technology design and arrangement, PFAS concentrations, and cost es
timate inclusions. Technologies that transfer, separate, or encapsulate 
PFAS without destroying them were not considered, except as pre
concentration steps for PFAS destruction processes. While sequestration 
options like landfill leachate recycling, in situ sequestration, deep well 
injection, and deep ocean burial have the potential to be environmental 
PFAS sinks, mass flows have not been quantified and are likely small in 
scale relative to total emissions. One study estimated loss to deep ocean 
waters – a prerequisite for deep ocean burial – at about 0.1 to 10 % of 
total estimated emissions of perfluorocarboxylic acids (PFCAs), a subset 
of PFAAs (Prevedouros et al., 2006), which is a low enough percentage 
to not affect this order-of-magnitude estimate. 

The costs to remove and destroy PFAS from environmental media 
depend on targeted media and technologies used. However, this current 
analysis is limited to environmental media where treatment applications 
have been implemented or envisioned in enough detail to accurately 
estimate costs and PFAS destruction rates at large scales. Removing and 
destroying PFAS from environmental soils and sediments is complicated 
by a lack of demonstrated in situ destruction methods and the high costs 
of excavation (Mahinroosta and Senevirathna, 2020). Numerous studies 
report soil remediation costs for sites contaminated with PFAS (Dren
ning et al., 2023; Quinnan et al., 2022; U.S. Chamber of Commerce, 
2022), but they either do not include PFAS destruction costs or do not 
report data to inform the mass of PFAS removed. Similarly, environ
mental remediation of atmospheric PFAS has not been widely tested or 
evaluated and is not practical due to low atmospheric PFAS concentra
tions (1–100 pg/m3) (Rauert et al., 2018). While PFAS accumulate in 
and transfer through biota, including plants and animals (Houde et al., 
2008; Zhu et al., 2022), removing PFAS mass from the environment 
should not target biomass, because destroying biomass to destroy bio
accumulated PFAS will negatively impact ecosystems and their services. 
In addition, the mass of biota in the environment is negligible compared 
to the mass of other environmental media. Costs to remove and destroy 
PFAS from environmental soils, sediments, atmosphere, or biota remain 
either poorly characterized or impractical, and are thus not included in 
this analysis. 

Costs per mass of PFAAs removed and destroyed were estimated 
based on recent studies reporting costs, focusing on projects that 
included PFAA destruction at a scale relevant to the global mass balance 
(here assumed to be 4000 m3/day for liquid treatment and 10 dry tonnes 
per day for solid treatment). The realm of available large-scale cost es
timates addresses drinking water, landfill leachate, and wastewater 
effluent using GAC, AIX, or foam fractionation to separate PFAS for 
destruction by high-temperature incineration or GAC reactivation. One 
cost estimate to destroy PFAS from wastewater biosolids using pyrolysis 
or gasification with thermal oxidation was also available and included. 
While post-consumer waste management discharges like landfill 
leachate and wastewater effluent and biosolids are not typically 
considered environmental media, they are included in the “global 
environment” box for this analysis because they are downstream of 
production and use phases (Fig. 1). Because both contain higher con
centrations of PFAS than typical environmental surface and groundwa
ters, less volume needs to be treated to destroy a given mass of PFAS. 
Thus, costs to remove and destroy a given mass of PFAS from landfill 
leachate, wastewater effluent, and wastewater biosolids are conserva
tively low relative to environmental media with lower PFAS 
concentrations. 

Costs estimated in this analysis are intended to reflect present value, 
life-cycle project costs for PFAS remediation projects over a 20-year 
service life, including equipment costs, direct costs, indirect costs, and 
operation and maintenance (O&M) costs. Reported annual O&M costs 
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were adjusted to present value and added to reported capital costs using 
Eq. 1. In this calculation, n reflects a 20-year life-span of initial equip
ment investment, and r reflects an annual discount rate of 7.0 %, an 
intermediate value between 20-year nominal interest rates of 4.2 % 
(Office of Management and Budget, 2023b) and the current prime in
terest rate of 8.5 %. Costs estimated here were not intended to be 
exhaustive of available data. Instead, they reflect a conceptual range for 
current environmental remediation technologies across multiple media. 
Differences in costs within one to two orders-of-magnitude are not ex
pected to change the conclusions presented here. 

20 − year Present Value Cost = Capital Cost +
∑n

i=0

Annual O&M Cost
(1 + r)i (1)  

2.2. Remediation cost estimates for PFAAs 

Estimated 20-year costs were recently developed for drinking water 
systems in the United States to comply with proposed drinking water 
standards of 4 parts per trillion (ppt) for PFOA and PFOS (Black and 
Veatch, 2023) using GAC adsorption with high-temperature incineration 
of spent media. Assuming an average PFAA concentration of 21.4 ng/L 
from a separate study of typical drinking water concentrations (Boone 
et al., 2019), mass-normalized costs for these applications ranged from 
16 to 65 million USD per kg PFAA removed and destroyed, depending on 
facility size (Table 1). A separate case study for a water treatment plant 
built in 2006 reported project costs and PFAA treatment rates supporting 
an inflation-adjusted cost of 67 million USD per kg PFAA (ITRC, 2022a). 
Other drinking water case studies from completed or planned projects 
report costs as low at 0.2 million USD per kg of PFAA but do not spe
cifically include costs for final residuals disposal that included PFAS 
destruction, so costs per mass PFAS removed and destroyed could not be 
estimated for use here (Barton, 2019; Cordner et al., 2021; U.S. EPA, 

2023a). On the waste management side, two studies included estimated 
costs for PFAA removed and destroyed from treated wastewater effluent, 
wastewater biosolids, or landfill leachate. When combined with study 
metadata, costs for these theoretical projects spanned 0.9 to 41 million 
USD per kg of PFAA over a 20-year operating period (Barr Engineering 
Co., and Hazen and Sawyer, 2023; Malovanyy et al., 2023). Thus, order- 
of-magnitude cost estimates per kg PFAS removed and destroyed from 
environmental media ranged from 0.9 to 67 million USD, as detailed in 
Table 1. 

The cost per mass of PFAA destroyed estimated here varied with 
project scale, target media, technologies used, PFAAs measured, PFAA 
concentration, and costs of upstream pretreatment technologies. Project 
scale was a major driver of cost variation with a 100-fold increase in 
treatment rate reducing costs per mass PFAS removed and destroyed by 
a factor of 7 to 35 for WRRF effluent and landfill leachate. Variations in 
treatability among PFAAs also contributes uncertainty to the estimated 
costs per mass PFAA removed, as compounds with reported removal 
varied by study. The cost per mass of short-chain PFAA destroyed is 
higher than the cost per mass of long-chain PFAA destroyed due to their 
higher mobility and associated treatment complexities (Barr Engineer
ing Co., and Hazen and Sawyer, 2023; Malovanyy et al., 2023). 

The liquid-phase treatment costs used in this analysis were based on 
available case studies, many of which targeted very low PFAA concen
trations (<10 ng/L) (Barr Engineering Co., and Hazen and Sawyer, 
2023; Black and Veatch, 2023). While treating to these low targets is not 
needed for the goal of reducing global PFAA stocks, the GAC adsorption 
and ion exchange processes used in those projects achieve low treatment 
targets until media breakthrough occurs (Boyer et al., 2021; Franke 
et al., 2019; Westreich et al., 2018). Thus, actual costs per mass PFAA 
destroyed for these technologies depended primarily on influent con
centration and media changeout frequency, with limited influence from 
treatment targets. 

Table 1 
Estimated costs per mass targeted PFAAs removed and destroyed from environmental media.  

Media 
treated 

Flow 
ratea 

Technologies used PFAA concentrations 
removed and destroyed 

Estimated 20- 
year costs 
(USD)b 

Estimated costs 
(USD)/kg PFAA 

Reference and cost type 

Drinking 
water 

3.6 
MGD 

GAC, destruction not stated 5.4 ng/L (sum of 7 
PFAAs) 

$7.0Mc $67M Constructed costs (ITRC, 2022a) 

0.16 
MGD 

Multiple locations, Varied 
technology, includes media 
incineration 

21.4 ng/L  
(sum of 17 PFAAs) 

$6.2Md $65M Estimated costs averaged across 858 systems (Black 
and Veatch, 2023), using median PFAS 
concentrations in drinking water sources (Boone 
et al., 2019) 

5.6 
MGD 

Multiple locations, Varied 
technology, includes media 
incineration 

21.4 ng/L 
(sum of 17 PFAAs) 

$49Md $16M Estimated costs averaged across 64 systems (Black 
and Veatch, 2023), using median PFAS 
concentrations in drinking water sources (Boone 
et al., 2019) 

Waste-water 
effluent 

0.1 
MGD 

MBR pretreatmente, GAC, 
incineration 

110 ng/L (sum of 7 
PFAAs) 

$13M $41M Estimated costs for theoretical facility (Barr 
Engineering Co., and Hazen and Sawyer, 2023) 

10 
MGD 

MBR pretreatment, GAC, 
incineration 

110 ng/L (sum of 7 
PFAAs) 

$190M $6M 

Landfill 
leachate 

1 gpm MBR pretreatment, GAC, 
incineration 

4,700 ng/L (sum of 7 
PFAAs) 

$4.6M $35M 

100 
gpm 

MBR pretreatment, GAC, 
incineration 

4,700 ng/L (sum of 7 
PFAAs) 

$12M $0.9M 

66 
gpm 

GAC, incineration 794 ng/L (sum of 10 
PFAAs) 

$4.6Mf $3.5M Costs estimated for theoretical facility (Malovanyy 
et al., 2023) 

66 
gpm 

AIX, incineration 794 ng/L (sum of 10 
PFAAs) 

$2.3Mf $1.7M 

Waste-water 
biosolids 

10 
dtpd 

Pyrolysis and thermal 
oxidation 

550 ng/g (sum of 7 
PFAAs) 

$94M $2.6M Costs estimated for theoretical facility (Barr 
Engineering Co., and Hazen and Sawyer, 2023)  

a MGD = million gallons per day, gpm = gallons per minute, dtpd = dry (English) tons per day, and $M reflects millions of USD per day. 
b 20-year present value costs assume an interest rate of 7%, as described in Section 2.1 and Eq. 1 
c 2006 capital cost adjusted to 2023 costs using Engineering News-Record Construction Cost Indices (Engineering News-Record, 2024). 
d Assumed 75 gal/day usage for two population ranges presented: 1,001-3,300 (average 2,151) and 50,001-1,000,000 (average 75,000), reflects costs to reach 4 ppt 

PFOA and PFOS 
e Costs include tertiary treatment using a membrane bioreactor (MBR) to remove solids from WRRF effluent prior to GAC pressure vessels. 
f Costs per volume terated were estimated for 72% removal of 10 PFAAs based on provided data, then adjusted to 20-year life-cycle costs at 7% interest based on flow 

rate, depreciation period, and interest rate presented in source. 
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3. Global PFAA emission estimates 

3.1. Sources, scope, and assumptions 

Release of PFAS to the environment can be characterized by product 
life phases: PFAS production, product manufacturing, product use, and 
waste management. Most existing PFAS emission estimates focus on 
production, manufacturing, and immediate use phases, which reflect 
short-term emissions but neglect emissions after storage, waste man
agement, and re-release. One previous study estimated global emissions 
of perfluorocarboxylic acids (PFCAs), a subset of PFAAs, across all 
product life phases at 237 t/year in 2000 (Prevedouros et al., 2006). 
Fig. 1 illustrates major emission pathways, including industrial air 
emissions, use-phase emissions not routed to wastewater, wastewater 
discharges, and landfill leachate to groundwater. 

Production and manufacturing phase emissions from industrial fa
cilities can add PFAS to water, soils, and the atmosphere, sometimes 
leading to long-range atmospheric dispersion and transport (Armitage 
et al., 2006; D’Ambro et al., 2021). One PFAS production facility re
ported air emissions near 100 t/year of PFAS, based on 26 measured 
compounds (D’Ambro et al., 2021), but recently upgraded stack gas 
treatment to include regenerative thermal oxidation (RTO) to destroy 
PFAS from air emissions (Focus Environmental Inc, 2020). Regulation of 
PFAS in direct industrial wastewater discharges varies by country, and 
this emission route has not been previously compiled. The total number 
of PFAS production and manufacturing facilities contributing emissions 
is unknown. A 2022 study used industry classification codes to flag 
49,145 industrial facilities as presumptive PFAS release sites in the 
United States (Salvatore et al., 2022). Since this count was recent and 
based on industry type, most of these facilities are likely ongoing 
emission sources. Thus, direct emissions from PFAS production and 
manufacturing facilities are likely a major source. One 2014 paper 
estimated global, production-phase estimate of 75 to 500 t/year for 
PFCAs only (Wang et al., 2014). 

PFAAs and PFAA precursor emissions from product use were recently 
characterized by the European Chemical Agency (ECHA, 2023) and 
estimated at 2800 to 12,600 t/year within the European Union (ECHA, 
2023). The estimates reflect use-phase emissions only and do not include 
emissions during production, manufacturing, or waste management, 
and is thus underestimates total European emissions. However, since 
this is the most recent emissions estimate and it includes both PFAAs and 
precursors that can transform to PFAAs in the environment, the ECHA 
use-phase estimate was used as the primary source to support a total, 
global emissions estimate. 

Municipal waste management facilities are passive receivers of PFAS 
emissions from municipal, commercial, and industrial sources. Munic
ipal wastewater treatment processes used today do not remove PFAS. In 
fact, total measured PFAS mass can increase across a wastewater plant 
due to transformation of unmeasured, precursor PFAS in the influent 
into measured PFAS in the effluent and biosolids (Houtz et al., 2016; 
Thompson et al., 2022). Global PFAA emissions routed through treated 
wastewater effluent or biosolids have been reported for varying geog
raphies and subsets of PFAAs reported (Kwon et al., 2017; Murakami 
et al., 2008; Pistocchi and Loos, 2009; Venkatesan and Halden, 2013), 
with estimates for just PFOA and PFOS ranging from 4 t/year for effluent 
and biosolids in the whole of South Korea to 50 t/year for effluent only 
across the European continent. Landfills and contaminated sites can act 
as medium-term sinks and sources of PFAS. PFAS in landfilled materials 
may be sequestered short-term but can be transformed and re-released 
through leachate routed to wastewater treatment or groundwater 
(Hamid et al., 2018; Lang et al., 2017). PFAS emissions through 
wastewater treatment are just a fraction of total releases, and releases 
from landfills and contaminated sites are poorly characterized on a 
global scale, so waste management phase data was not used to estimate 
total global emissions. However, future efforts to characterize global 
PFAS emissions should consider waste management, especially landfills 

and contaminated sites as time-delayed sources. 

3.2. Emissions estimate 

The 2023 ECHA use-phase emissions estimate was used to estimate 
global PFAA and precursor emissions, because it is the most recent and 
also includes PFAA precursors. Scaling the ECHA estimate of European, 
use-phase emissions to the entire world based on GDP suggests world- 
wide, use-phase emissions of approximately 19,000 to 84,000 t/year. 
This range was then increased slightly based on the knowledge that 
significant production-phase and waste management phase emissions 
were not included. A resulting, order-of-magnitude estimate for total, 
global, long-term emissions across all product life phases resulting from 
current production of PFAA and precursors is 20,000 to 100,000 t/year. 

4. Annual costs to achieve steady-state global PFAS 

4.1. Theoretical cost estimate for steady-state global PFAAs 

Costs per mass PFAA removed and destroyed were applied to esti
mated global PFAA emission rates to reflect theoretical steady-state 
conditions where destruction rates match current emission rates. 
Using estimated emission rates of 20,000 to 100,000 metric tonnes per 
year of PFAAs and precursors and applying estimated unit costs of 0.9 
million to 67 million USD per kg PFAA removed and destroyed, cost to 
achieve steady-state global PFAA stocks would be between 20 and 7000 
trillion USD per year. This range brackets the estimated global GDP of 
106 trillion USD (International Monetary Fund, 2023). This order-of- 
magnitude cost estimate is subject to significant, compounding un
certainties, including those associated with variations in treatment ef
ficacy, characteristics and concentrations of specific PFAA, which PFAA 
are reported, and site-specific constraints that cannot be captured in a 
broad survey. However, the estimated scale of costs (tens to thousands of 
trillions of USD per year) provides a useful benchmark highlighting the 
impracticality of relying on environmental remediation alone to control 
global stocks of PFAAs in the environment. 

4.2. Cost considerations for Total PFAS 

The cost estimate presented above reflects a theoretical scale-up of 
PFAA destruction from the environmental sources at a rate similar to 
current estimated emission rates. But what about other PFAS? Total 
PFAS production, including fluorotelomers, fluoropolymers, and fluo
rinated gases, is estimated to be 10 to 10,000 times higher than PFAA 
production (ECHA, 2023; Evich et al., 2022). If the ratio of total PFAS 
emissions to PFAA emissions is similar, total PFAS emission rates and 
associated costs to remove and destroy them from the environment 
could also be 10 to 10,000 times the emission rates and costs presented 
above for PFAAs only. Additionally, since long-chain PFAAs are among 
the easiest PFAS to remove from the environment, mass-normalized 
costs to remove other PFASs will likely be higher, further increasing 
the global steady-state cost for all PFAS. One study estimated that 
achieving 95 % removal of 11 targeted PFAS from landfill leachate 
would cost over six times >95 % removal of only PFOS and PFOA 
(Malovanyy et al., 2023). Many non-PFAA PFAS do not have technolo
gies demonstrated to effectively remove them from the environment, 
suggesting that treatment may not be achievable and if achievable, costs 
will likely be higher than for PFAAs (Hale et al., 2022; Sheldon and 
Crimmin, 2022). 

Considering these compounding factors along with the PFAA-specific 
cost estimate of 20 to 7000 trillion USD, removing and destroying the 
same amount of total PFAS we are currently adding to the environment 
would likely require investment exceeding the entire global GDP of 106 
trillion USD, if even technologically achievable. This means there is not 
enough money in the world for environmental remediation to keep up 
with current PFAS production and emission rates. Thus, relying on 
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environmental remediation alone without PFAS use restrictions would 
result in ever-increasing environmental PFAS stocks and potential 
human health risks. 

5. Discussion 

5.1. Implications for environmental PFAS remediation 

PFASs negatively impact human health at concentrations currently 
found in some environments (Sunderland et al., 2019). Where we have 
available, effective, and economic technologies and the human health 
benefit is clear, environmental remediation to remove PFAS makes 
sense. The need for remediation is especially true for drinking water 
sources with high PFAS concentrations where the human health benefit 
exceeds potential downsides, as supported by a recent cost-benefit 
analysis (U.S. EPA, 2023a). However, not all environmental media can 
or should be treated for PFAS. For example, some soils, sediments, and 
water resources experience limited human contact and thus impart 
limited health risks. Similarly, not every PFAS can be effectively 
removed from environmental media using existing remediation and 
destruction technologies. Some, such as TFA and fluorinated gasses, are 
difficult or impossible to remove and destroy from the environment 
using current technologies (Hale et al., 2022; Scheurer et al., 2017; 
Sheldon and Crimmin, 2022). Others can be removed, but at higher costs 
than those estimated for select PFAAs here (Hale et al., 2022; Li et al., 
2020; Riegel et al., 2023). 

While this analysis evaluated economic costs for remediating PFAS 
from environmental sources, environmental remediation has numerous 
non-quantified externalities, including material use, greenhouse gas 
emissions, and environmental justice issues, that should be considered 
when weighing costs and benefits of specific remediation projects. As a 
result, remediation costs for a specific project will depend on which 
PFAS are present and the efficacy and economics of removing and 
destroying targeted compounds. If environmental remediation is un
dertaken for the purpose of removing PFAS from the environment 
without immediate health outcomes, engineers should target media with 
high PFAS concentrations and design treatment processes to concentrate 
PFAS into a small volume prior to destruction to maximize PFAS 
destruction for the funds invested. Prioritization of remedial activities 
should consider stakeholder priorities, available funding, health and 
environmental impacts, and externalities of treatment across project life 
cycles and could follow established benefit-cost analysis frameworks 
(EC, 2015; Office of Management and Budget, 2023a). 

The technology landscape for PFAS remediation is changing rapidly, 
with multiple emerging technologies having the potential to be less 
expensive than those currently demonstrated. Promising technologies 
currently undergoing demonstration and scale-up include concentration 
technologies regenerable ion exchange (Ellis et al., 2022) and foam 
fractionation (Burns et al., 2021; McCleaf et al., 2021; Vo et al., 2023) 
and destruction technologies supercritical water oxidation (SCWO), 
electrochemical oxidation (EO), advanced reduction processes (ARP), 
and hydrothermal alkaline treatment (HALT) (Cui et al., 2020; Hao 
et al., 2021; Krause et al., 2022; Li et al., 2022). These advances need to 
continue, especially for very persistent, very mobile substances like TFA. 
As these and other environmental PFAS remediation technologies 
continue to develop and scale up, estimated costs per mass of PFAS 
destroyed are likely to decrease from those estimated here. However, 
given that costs estimated here for existing treatment technologies 
exceed the global GDP, future technologies would need to be cheaper 
per mass of PFAS destroyed by multiple orders of magnitude to change 
the conclusions presented here. So, while new technology validation, 
scale-up, and cost optimization can reduce future treatment costs, they 
will not obviate the need to reduce PFAS emissions anytime soon. 

5.2. Implications for restricted PFAS use 

While environmental remediation can only target a limited range of 
PFAS due to efficacy and economic limitations, PFAS use restrictions can 
and should target a wider array of compounds by regulating PFAS as a 
class based on their persistence rather than individual compounds based 
on their toxicity (Cousins et al., 2020; Kwiatkowski et al., 2020). In fact, 
this approach may be the most feasible way to control environmental 
stocks of TFA and fluorinated gasses without clear, economical treat
ment options (Hale et al., 2022; Scheurer et al., 2017; Sheldon and 
Crimmin, 2022). 

While the economic impacts of using remediation to control global 
PFAS stocks were demonstrated here to rival the global GDP, PFAS use 
restrictions will also impact economies. Immediate impacts can be 
partially mitigated through “essential use” evaluations. While PFAS used 
in consumer products are often replaceable by non-fluorinated alterna
tives (Cousins, Goldenman et al., 2019; ECHA, 2023; Glüge et al., 2022), 
some industries may merit a more detailed, essential use evaluation to 
better understand availability and development routes for non-PFAS 
alternatives and associated economic implications of restrictions. For 
example, proposed European PFAS use restrictions consider essential 
uses with specific derogations (exemptions) based primarily on an 
analysis of available alternatives (ECHA, 2023). The essential-use 
framework can support evolving regulations that incentivize develop
ment of readily degradable replacement chemicals and update deroga
tions based on current availability of viable, non-PFAS alternatives. 
Ongoing progress under an essential use approach will require in
vestments and innovations in chemical development and engineering 
(Hale et al., 2022). The Royal Society of Chemistry recently published 
useful guidance regarding chemical alternatives to PFAS (Balan et al., 
2023). 

6. Conclusion 

Ever-increasing PFAS mass in the global environment can only be 
addressed by changing the mass balance though either increased 
remediation, reduced emissions, or both. This study contributes to the 
broader PFAS policy discussion by conducting a thought experiment to 
estimate potential costs of relying on increased remediation alone 
without reduced use and emissions. Estimated annual costs to remove 
PFAS from the environment as fast as it is being added right now using 
current, large-scale treatment technologies are on the scale of the cur
rent global GDP of 106 trillion USD. This estimate addresses an arbitrary 
interim target of steady-state global PFAS mass and is not intended to 
reflect realistic treatment rates. While some environmental PFAS 
remediation will be needed to protect public health, this finding in
dicates that treatment alone cannot solve our environmental PFAS 
problem. 

A group of European academics, regulators, and utility representa
tives recommended management of persistent, mobile, and toxic (PMT) 
substances like PFAS through restricting their production and use, 
reducing their emissions, and conducting environmental remediation, in 
that order (Hale et al., 2022). The unaffordable remediation costs esti
mated here further support prioritization of restricted PFAS use and 
emission to manage global, environmental PFAS stocks. 
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