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ABSTRACT

A life-cycle assessment (LCA) framework was used to estimate environmental impacts likely to occur during the removal and

destruction of per- and polyfluoroalkyl substances (PFAS) in wastewater effluent. Results suggest that upgrades to remove and

destroy PFAS from municipal water resource recovery facility (WRRF) effluents could double or triple total greenhouse gas

emissions from wastewater facilities, as well as other human and environmental health impacts. Sensitivity of environmental

impacts to selected system parameters was also evaluated, highlighting the benefits of granular activated carbon (GAC) reacti-

vation/reuse and use of renewable energy sources. LCA results were translated into “impact curves” to predict environmental

impacts of effluent PFAS treatment based on facility size and technologies applied. Overall, these results enable estimation of

secondary environmental impacts associated with PFAS treatment of wastewater effluent and can be used to support policy,

permitting, and planning by regulatory agencies and utilities.

1 | Introduction

Per- and polyfluoroalkyl substances (PFAS) are a large group
of persistent, mobile chemicals. Because of their utility and
durability, PFAS uses are widespread across industries and
commerce (ECHA 2023a; RTI International 2023), resulting in
PFAS detection in water, soils, plants, animals, and air across
the globe (Ackerman Grunfeld et al. 2024; Evich et al. 2022).
Continued PFAS use and environmental emissions remain in
the range of millions of tons per year (Evich et al. 2022), with
estimated costs to remove PFAS from the environment at cur-
rent emission rates exceeding the global economy (Ling 2024).
Based on the strong evidence that many individual PFAS
compounds have negative human health and environmental
impacts (Bdlan et al. 2021; Kwiatkowski et al. 2020; National
Academies of Sciences, Engineering, and Medicine 2022),

many countries and jurisdictions are evaluating PFAS preven-
tion and remediation strategies (ITRC 2022, 2025). However,
because complete remediation of environmental PFAS is
not economically or logistically feasible (Ling 2024; Ling
et al. 2026), most regulatory actions have focused on limiting
new emissions and discharges or protecting human health at
the point of potential exposure. Individual US and EU mem-
ber states have implemented PFAS use restrictions to limit
future PFAS pollution (Maine State Legislature 2021; State of
Minnesota 2023; Zainzinger 2025), with an EU-wide proposal
for restricting PFAS as a class still in progress (ECHA 2023b).
Similarly, PFAS criteria for drinking water have been estab-
lished in the United States, Europe, Australia but differ in
which PFAS are regulated and on concentration targets for
specific compounds (European Union 2020; PFAS National
Primary Drinking Water Regulation 2024). In jurisdictions
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Summary

« Removing and destroying per- and polyfluoroalkyl
substances(PFAS) from municipal water resource
recovery facility (WRRF) effluent have both environ-
mental benefits and environmental costs

Preconcentrating effluent PFAS using reverse osmosis
and reusing sorbent media reduced overall environ-
mental impacts of sorptive treatment

Removing and destroying PFAS from municipal
WRREF effluent could double or triple greenhouse gas
emissions, challenging wastewater net-zero emission
goals

The social cost of greenhouse gas (GHG) emissions
from PFAS treatment is estimated at one-third to one-
tenth of previously estimated economic costs.

where water quality limits for PFAS exist, individual PFAS cri-
teria can range widely from 0.01 part per trillion to multiple
parts per billion (ITRC 2025).

Municipal WRRFs serve as centralized collection points for
PFAS from domestic, commercial, and industrial sources
but are not designed to treat PFAS; most PFAS received by
WRRFs pass through into discharge effluent or residual bio-
solids. Commonly regulated perfluoroalkyl acids like PFOA
and PFOS make up a relatively small proportion of PFAS in
municipal wastewater effluents, with much of the total PFAS
mass attributable to fluorinated pharmaceutical compounds
or to shorter chain PFAS (Ruyle et al. 2025; Seay et al. 2023).
Furthermore, PFAS specifically targeted by analytical meth-
ods likely comprise a small portion of total PFAS, with con-
centrations of 73 targeted PFAS in wastewater effluent only
accounting for 10% of extractable organic fluorine (EOF) in
one study (Aro et al. 2021) and 30 targeted PFAS accounting
for 15% of targeted PFAS after oxidation by total oxidizable
precursor (TOP) analysis in another (Onnby et al. 2025). It
is also possible for total measured PFAS concentrations to
increase through WRRFs due to degradation or biotrans-
formation of nontargeted byproducts or precursors to PFAS
readily quantified using targeted analyte lists (Cookson and
Detwiler 2022; Thompson et al. 2022). PFAS-laden WRRF
effluent is typically discharged to surface waters that are
often used downstream for drinking water or fishing (Ruyle
et al. 2025; Sun et al. 2024; Thompson et al. 2022). A recent
study estimated that PFAS in wastewater effluents could push
the drinking water supplies of about 10 million Americans
above federal PFAS limits (Ruyle et al. 2025). While munici-
pal WRRFs contribute PFAS to surface waters, they are not a
dominant route. Recent work estimated that treating effluent
from all large municipal WRRFs in the EU for PFAS would
offset less than 2% of estimated EU emissions of short- and
long-chain PFAAs (Ling et al. 2026). Primary sources of
these and other PFAS to the environment include industrial
air emissions and wastewater discharges (U.S. EPA 2021b),
existing contaminated soil sources, landfill gas and uncon-
trolled leachate (De la Cruz et al. 2025), stormwater runoff
(Kali et al. 2025), nonpoint use of PFAS in pesticides (Joerss
et al. 2024), refrigerants (Arp et al. 2024), building materials,

industrial products, and consumer products. However, moni-
toring and regulating PFAS in WRRF effluents have still been
considered or implemented across geographies, partly due to
existing effluent regulations frameworks.

Globally, few municipal WRRFs have PFAS discharge limita-
tions. Where discharge limitations do exist, they are mostly
passed on to upstream industries that discharge PFAS-
containing wastewater to WRRFs, consistent with the U.S. EPA's
stated intent to use wastewater regulations primarily as a tool
to limit upstream industrial discharges (U.S. EPA 2022a). As of
January 2025, at least 65 wastewater discharger permits to sur-
face water have been issued to limit PFAS releases in the United
States (U.S. EPA 2025a). The updated EU Urban Wastewater
Directive requires PFAS monitoring in WRRF effluent and in-
cludes extended producer responsibility, which may drive PFAS
management to upstream industrial sources to reduce total costs
(European Union 2024).

Removing and destroying PFAS from WRREF effluent is techni-
cally achievable but would be expensive and likely to increase
wastewater rates beyond affordability metrics in most commu-
nities (Ling et al. 2024). The U.S. Clean Water Act recognizes
the potential for permit compliance to cause economic or envi-
ronmental hardship and allows for time-limited variances based
on financial unaffordability of treatment or if the source of pol-
lution is human-caused and “would cause more environmen-
tal damage to correct than to leave in place” (U.S. 40 CFR Part
131.10 2026). Thus, regulators and policymakers should consider
the economic implications of removing PFAS at WRRFs as well
as related environmental impacts like greenhouse gas (GHG)
emissions goals, nutrient harvesting, and water reuse potential.
Wastewater management without PFAS treatment accounts for
about 0.7% of global GHG emissions (Ritchie et al. 2020), and
implementing PFAS treatment at WRRFs would increase these
emissions.

A recent review highlights the urgent need to balance PFAS
treatment and destruction efficacy with broader environmen-
tal sustainability (Tushar et al. 2024) in evaluating treatment
options. The present study aims to fill this gap by estimat-
ing environmental impacts associated with treating PFAS in
WRRF effluent using multiple treatment trains and across a
range of design capacities. While other contaminants would
also be removed through this type of treatment train, we
assume that installation and upgrades are driven by PFAS-
related concerns and thus attribute all estimated externalities
to PFAS-driven actions. These results can be used to project
environmental impacts of both individual facility choices and
regional policies. Multiple studies to date have evaluated envi-
ronmental impacts of advanced wastewater treatment (Plakas
et al. 2015; Rahman et al. 2016) or of treating groundwater for
PFAS (Boyer et al. 2021; Ellis et al. 2023; Emery et al. 2019;
Smith et al. 2025), but none have addressed PFAS in munic-
ipal WRRFs or assessed these impacts on a regional basis.
This work aims to contextualize the environmental impacts
of WRRF PFAS treatment to provide a quantitative baseline to
inform future decision-making and strategic design decisions.
We further apply the “social cost of carbon” framework devel-
oped by the US EPA to estimate social costs associated with
additional GHG emissions.
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FIGURE1 | Conceptual process flow diagrams for (A) GAC for tertiary treated WRRF effluent (Alternative 1) and (B) RO with GAC and AIX
(Alternative 2) for tertiary treated WRRF effluent, also showing (C) scope considered for treatment processes and (D) inputs for life-cycle assessment

models.

2 | Methods
2.1 | Conceptual Designs and Treatment Targets

The conceptual design of potential WRRF PFAS treatment sys-
tems (Figure 1A,B) used previously established design bases for
tertiary effluent water quality (Tables S1-1 and S1-2) and PFAS
treatment targets (Table S1-1), consistent with previous work
conducted for the Minnesota Pollution Control Agency (Barr
Engineering Co. and Hazen and Sawyer 2023; Ling et al. 2024).
Additional information on the development of these treatment
trains, preliminary design parameters, and relevant assump-
tions is included in the Supporting Information (Tables S1-3
through S1-8).

Briefly, PFAS separation and destruction technologies were eval-
uated to identify those viable for large-scale wastewater treat-
ment (>10 MGD) at the time of the analysis in 2022 and with
demonstrated >90% efficacy in PFAS separation or destruction.
Technologies were assembled into treatment trains and further
screened for technical and economic feasibility as previously
described (Barr Engineering Co. and Hazen and Sawyer 2023),
and treatment trains scoring highest across a range of criteria
were selected as Alternatives 1 and 2. Treatment targets were es-
tablished at approximate reporting limits (5ng/L) for long-chain
and short-chain perfluoroalkyl acids PFOA, PFOS, PFHxA,
PFHxS, PFBA, and PFBS, aligning with the US drinking water
MCLs targeting zero concentrations for PFOA as a known
human carcinogen and PFOS as a probable human carcinogen
(Drury et al. 2024). It is expected that PFAS of differing chain
length and class at similar concentrations (e.g., PFHpS, 6:2 FTS,
HFPO-DA) would be removed to nondetect levels prior to PFBA
detection, as numerous studies have found PFBA to be one of
the lowest affinity structures for adsorption with few exceptions

(e.g., TFA) due to its hydrophilicity (Chen et al. 2025; Park
et al. 2020). This study did not consider any life-cycle or envi-
ronmental effects of PFAS in municipal biosolids, as this would
require significant assumptions regarding the fate of biosolids
(e.g., pyrolysis and land application), and technologies for PFAS
mitigation in biosolids are not yet well-defined at the commer-
cial scale.

A PFAS destruction step (either high-temperature incineration
or granular activated carbon [GAC] reactivation) was included in
both treatment trains to limit rerelease of residuals (Figure 1C).
In Alternative 1, tertiary-treated effluent is fed through lead-lag
GAC adsorption vessels. In Alternative 2, tertiary-treated efflu-
ent is routed through reverse osmosis (RO) membrane separa-
tion, with RO concentrate treated by lead-lag GAC adsorption
and anion exchange (AIX) vessels. In both alternatives, spent
media would be disposed of via high-temperature incinera-
tion or GAC reactivation and reuse (10 MGD only). PFAS fate
through high-temperature incineration was recently studied
by the EPA and found to be over 99% effective at mineraliz-
ing PFAS, with no products of incomplete destruction through
the most established air testing methods for fluorine tracking:
OTM-45, OTM-50, and Method 0010/8270 (Troxler et al. 2025).
GAC reactivation has similarly demonstrated over 99% removal
efficiency, with slightly lower confidence in full mineralization
(U.S. EPA 2026).

Conceptual designs for the two selected treatment alternatives
were developed for three design WRRF flows (0.1 million gal-
lons per day (MGD), 1.0 MGD, and 10 MGD). To evaluate the
significance of GAC incineration or reactivation and reuse on
the overall system environmental impacts, two separate 10
MGD scenarios were evaluated for each alternative: one with
reactivation and reuse of GAC and one with incineration or
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reactivation without reuse. Reactivation with reuse was not
evaluated for smaller facilities because GAC reactivation ven-
dors typically limit sole-source reactivation contracts to facil-
ities changing out > 80,000 pounds of carbon per event (Barr
Engineering Co. and Hazen and Sawyer 2023), which corre-
sponds to about 2 MGD for GAC treatment systems. Design
bases assumed operation of sorbent media at manufacturer-
recommended contact times (described in Tables S1-3 and
SI-6), which would be implemented regardless of PFAS profile
and concentration. Because any specific WRRF will deviate
from these conditions based on site-specific factors, actual
unit quantities and life-cycle environmental impacts will also
deviate from those estimated here. These conditions reflect
minimal industrial loading of PFAS to WRRFs, assuming no
significant industrial PFAS discharges through pretreatment
agreements to present a baseline case.

2.2 | Estimating Capital and Operational
Quantities for Life-Cycle Assessment (LCA)

Capital equipment materials requirements were estimated from
previously established conceptual designs (Barr Engineering
Co. and Hazen and Sawyer 2023) by selecting pipe size and
material, number of valves and material, system configuration,
building sizing, and building materials based on standard indus-
try sizing, standard materials used by vendors, and professional
judgment. All capital infrastructure models were developed to
include an enclosed building, concrete pad, and necessary pro-
cess equipment. The expanded design assumptions, including
assumptions from previous work, are included in Table S1-4
and S1-7. Operational parameters, including baseline media
breakthrough rates and change-out frequencies, were also de-
rived from previous work (Barr Engineering Co. and Hazen and
Sawyer 2023).

2.3 | Preliminary Design and Quantities
for Tertiary Pre-Treatment

Secondary WRRF effluent typically does not meet RO and
GAC influent water quality recommended by manufacturers
(<1mg/L total suspended solids [TSS], < 1 mg/L total organic
carbon (TOC), and iron and manganese both <0.5mg/L)
(Barr Engineering Co. and Hazen and Sawyer 2023; Ling
et al. 2024). This study assumed that all WRRFs would re-
quire tertiary treatment upgrades prior to PFAS treatment
for mitigation of these co-constituents, here assumed to be
through installation of or retrofit to a membrane bioreactor
(MBR) (Figure 1C).

To consider life-cycle impacts of tertiary MBR treatment as
well as PFAS treatment processes, MBR energy use was esti-
mated to increase energy use by 1000 kWh/MG over conven-
tional activated sludge for 1.0 MGD and 10 MGD flow rates
(assumed to reflect partial retrofit of activated sludge WRRFs),
based on previous studies comparing technologies’ energy use
(Banti et al. 2020; Lazarova et al. 2012). Installing an MBR
system in a small 0.1-MGD WRREF, assumed to be stabiliza-
tion pond WRRFs, was assumed to be higher at 5000 kWh/
MG for 0.1 MGD. Additional material use was considered for

membrane replacement and was in the range of 165 square
feet of hollow fiber membrane per MG treated, with 5-year
membrane life (Glover et al. 2022). Capital equipment for ter-
tiary treatment was not included in this evaluation, assuming
that many large WRRFs may already have made these invest-
ments and that tertiary treatment is often driven by parame-
ters other than PFAS.

2.4 | LCA

LCA models for this study were developed using SimaPro v9.1
(Pre Sustainability, Amersfoort, NL) and using inventory compi-
lation and impact assessment methodologies consistent with ISO
14040 and 14044 standards for model development (Bare 2011;
ISO 2006). For all treatment scenarios, inventory items used in
developing models were obtained from industry-relevant data-
bases listed in Table S2-1 in the SI; specific inventory items are
presented in Table S2-2. Selection of inventory items in LCA
databases was conducted to reflect nationwide environmental
externalities (e.g., using national energy matrix data rather than
state-level or regional data) to maximize model applicability
where possible. Models were developed using materials relevant
to and sourced in North America, where possible, as inventory
item selection was limited to data aggregated in existing LCA
databases. While projected values will vary on a site-specific
basis, relative trends among treatment alternatives and WRRF
sizes are expected to hold true across a diverse range of WRRF
sites and regions. Process flow diagrams highlighting the LCA
input subprocesses and refinement steps of these models are
shown in Figures S2-1 through S2-4 in the SI.

Environmental impact analysis was performed using the TRACI
2.1 (Tool for Reduction and Assessment of Chemicals and Other
Environmental Impacts) assessment method developed by the
US EPA (U.S. EPA 2012). Impact assessment enabled estimation
of emissions values from the input model inventory (allocated
in terms of annual inputs) into new, user-defined models for
each treatment scenario using input quantities derived from the
aforementioned design bases. Emissions were then categorized
into ten distinct impact categories defined by the EPA in the
TRACI method to reflect environmental impacts across a range
of environmental compartments and human health consider-
ations. Details regarding the LCA methodology, inventories,
and the selection process for database entries are available in
Section S2 of the SI.

The scope of the LCA included the materials extraction and fab-
rication of all capital infrastructure, site building and concrete
pad, energy production, and chemical inputs, as well as all con-
sumable requirements and transportation, throughout the op-
erational phase of treatment (Figure 1D). The analysis included
end-of-life materials management for treatment residuals (e.g.,
spent GAC) but not for demolition and disposal of capital equip-
ment. The two functional units used throughout the study was
“per year of facility treatment,” or “per MGD treated,” meaning
the capacity to remove and destroy PFAS from one million gal-
lons of wastewater per day.

Environmental impact data are represented using scaled
characterization values, which standardize results as a
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percent of the highest quantity of emissions in each impact
category, consistent with existing LCA studies (Crenna et al.
2019; Boyer et al. 2021). Results were also shown in terms of
“person-equivalents” or the approximate number of people
whose cumulative emissions equal those generated by the
treatment system over any given time. This unit was obtained
by dividing the raw quantities of emissions (e.g., kg CO,-eq/
year) by the emissions generated by the average US citizen in
a given year (e.g., kg CO,-eq/person-year). As another way to
provide context, Minnesota was used as a case study to un-
derstand potential environmental impacts of treating PFAS in
wastewater effluent at a regional scale. Estimated increases in
Minnesota GHG emissions were compared to reported GHG
emissions for the state (MPCA 2025).

2.5 | Sensitivity Analysis

After emissions associated with each of the treatment alterna-
tives were estimated over a range of facility sizes (0.1-10 MGD),
sensitivity analyses were conducted to evaluate the potential
significance that media use rates (change-out frequency) and
the potential sources of energy used to drive the treatment pro-
cesses had on the magnitude of overall environmental impacts
incurred from PFAS treatment, focusing on global warming, eu-
trophication, carcogenicity, and ecotoxicity.

Because media use and disposal contributed most to envi-
ronmental impacts in Alternative 1, the relationship between
media use rates and targeted LCA outcomes was evaluated
for this alternative. For this sensitivity analysis, bed volumes
(BVs) to breakthrough were varied between 2,000 and 50,000,
as these represent the boundary conditions of what might be
expected for GAC serviceable lifetimes. This range is rep-
resentative of previous pilot tests evaluating groundwater
and surface waters (Chow et al. 2022; Kempisty et al. 2022;
McCleaf et al. 2017), as limited work to date has evaluated
PFAS breakthrough rates for tertiary treated wastewaters.
For Alternative 2, the impact of different energy sources was
evaluated by varying LCA inputs to source energy solely from
hydropower, wind, geothermal, photovoltaic (solar), natural
gas, and hard coal rather than the national average electricity
matrix, highlighting the relative contribution of energy sourc-
ing. Further details regarding the sensitivity analyses can be
found in Section S4 of the SI.

2.6 | Social Cost of GHG Emissions

The social cost of carbon (as GHG emissions) associated with
removing and destroying PFAS from WRRF effluent under
the three facility size scenarios and treatment alternatives
was evaluated using the methods detailed in the November
2023 EPA rulemaking (U.S. EPA 2023a), though recent studies
suggest that these may be underestimated by a factor of two
(Moore et al. 2024). The social cost of carbon was calculated
over a 20-year period (2025-2044) with an assumed 2.0% dis-
count rate (U.S. EPA 2023a) and adjusted to 2025 dollars using
inflation data from the Bureau of Labor Statistics (US Bureau
of Labor Statistics 2025). This analysis carries the baseline
assumption that electricity sources used for treatment match

the average makeup of energy sources in the United States as
a whole.

3 | Results

3.1 | Estimated Environmental Impacts
for Treating PFAS in WRRF Effluent

Annual environmental impacts estimates for all treatment alter-
natives and WRRF flow rates are shown in Table 1 for the ten
TRACI impact categories. These estimates are inclusive of both
the annual operational phase and the system capital infrastruc-
ture divided over a 20-year treatment system lifetime.

While values in Table 1 quantify the magnitude of environmen-
tal impacts associated with PFAS treatment, isolation of select
impact categories and normalization to standardized units helps
to identify primary contributions and forcing factors when as-
sessing trade-offs between PFAS remediation efforts and their
environmental impact. Normalization was conducted in two
ways: Figure 2A shows emissions data normalized per MGD of
throughput, which are then scaled to the percentage of maxi-
mum environmental impact for each category. Conversely,
Figure 2B shows data normalized to “person-equivalents” or the
emissions expected for a given number of people using per cap-
ita data for the U.S. collected by Ryberg et al. (2013).

This allows direct comparison among impact categories by stan-
dardizing emissions units to a common reference metric. For
example, adding Alternative 1 treatment to a single 10 MGD
WRRF would emit similar global warming impacts as normal
activities of an additional 510 people. This person-equivalent
normalization revealed global warming, eutrophication, car-
cinogens, and ecotoxicity to be among the highest impact cat-
egories in magnitude relative to other categories presented in
Table 1 (complete normalized data shown in Figure S3-1 in the
SI). Because of their disproportionate impacts—as well as their
relevance to multiple receptors relevant to Clean Water Act envi-
ronmental harm language (US 40 CFR Part 131.10 revised 2026)
(e.g., atmospheric, freshwater, human health, and environmen-
tal health)—these four categories were selected for visualization
and discussion in this work.

Figure 2A shows that annual emissions per MGD treated de-
crease with increasing facility size, highlighting the economies
of scale with increasing treatment volume. These reductions
were partly due to capital infrastructure scaling but also stem
from the nonlinearity of operational-phase input consumption
from factors like electricity demands and antiscalant chemical
use that exhibited decreases in annual consumption per unit
volume with increasing treatment scale. This economy of scale
was found to be more pronounced for the RO-based Alternative
2 than for the GAC-based Alternative 1 due to direct linearity
associated with sorbent usage rate.

Another major driver of differences shown in Figure 2 was the
effect of sorbent disposal and sourcing, with incineration and re-
placement of spent GAC exhibiting a larger influence on overall
environmental impacts than reactivation and reuse of spent GAC
(modeled at 10 MGD treatment only). This follows intuitively, as
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TABLE1 | Annual estimated environmental impacts associated with each treatment scenario®.

Technology alternative 1: GAC
+ incineration/reactivation

Treatment alternative 2: RO + GAC
+ AIX + incineration/reactivation

10 MGD 10 MGD
Impact (GAC (GAC
category® Unit 01MGD 1MGD 10MGD reuse) 01MGD 1MGD 10MGD reuse)
Ozone kg CFC-11eq 8.6E-03 7.6E-02 6.0E-01 2.7E-01 2.0E+00 1.7E4+01 1.7E4+02 1.7E+402
depletion
Global kg CO, eq 1.5E4+05 1.4E406 1.2E+07 3.5E406 1.1E+05 9.0E4+05 6.3E+06 4.8E406
warming
Smog kg O, eq 6.1E+03  5.7E+04 4.4E+05 2.0E+05 4.3E+03 3.4E+04 2.6E+05 2.1E+05
Acidification kg SO, eq 6.5E+02 6.1E+03 5.1E+04 1.8E+04 4.6E+02 3.6E+03 2.4E+04 1.7E+04
Eutrophication kgNeq 3.6E+02 3.4E+03 3.0E4+04 79E+03 2.3E402 1.8E4+03 1.2E4+04 8.0E+03
Carcinogenics CTUh 1.5E-02 1.2E-01 1.0E4+00 2.0E-01 9.1E-03 5.7E-02 3.6E-01 2.1E-01
Non CTUh 2.3E-02 2.1E-01 1.7E4+00  5.4E-01 2.2E-02 1.7E-01  1.0E4+00  8.0E-01
carcinogenics
Respiratory kgPM2.5eq 6.4E+01 6.0E+02 5.1E+03 1.7E+03 4.5E+01 3.4E+02 2.1E+03 1.5E+03
effects
Ecotoxicity CTUe 6.5E+05 59E+06 5.0E+07 1.4E+07 4.7E+05 3.4E+06 2.2E+07 1.5E+07
Fossil fuel MJ surplus 79E+04 6.7E+05 5.0E4+06 3.4E+406 9.1E+04 6.8E4+05 4.8E4+06 4.4E4+06

depletion

2All technology alternatives and associated flow rates assume incineration of solid wastes, excluding the 10 MGD system with GAC reactivation and reuse as specified.
YEnvironmental impacts grouped into “impact categories” as defined by the US EPA's TRACI impact assessment methodology. Cumulative energy demand.
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FIGURE2 | Normalized environmental impacts of treating PFAS in WRRF effluent for eight scenarios. (A) Impacts per MGD scaled to percent of

maximum impact and (B) Total Impacts scaled to person equivalents based on average personal environmental impacts of people in the US.

GAC reuse reduces the need for carbon- and energy-intensive
production of virgin GAC and associated impacts from produc-
tion. For Alternative 1 relying primarily on GAC for treatment,
reactivation and reuse for the 10 MGD scenario decreased the
average impacts from these four categories by an average of 67%.
Even in the case of the membrane-focused Alternative 2, which
used less than 20% of the GAC mass of Alternative 1, reactivat-
ing and reusing the GAC scenario reduced emissions by 24% on
average across the categories shown relative to single-use sourc-
ing and incineration.

Another important difference in environmental impacts was ob-
served between treatment alternatives. Alternative 2 generated
fewer estimated impacts for all treatment flowrates relative to
Alternative 1 (assuming GAC incineration) for 8 of the 10 impact
categories, including all four shown in Figure 2. This was driven
by reduced GAC usage achieved by RO membranes preconcen-
tration, reducing the flow treated by sorbent media by 85%. While
Alternative 2 used more energy and additional types of consum-
ables for membrane treatment, including antiscalants and clean-
in-place chemicals, the fixed 5-year lifetime of these membranes
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FIGURE 3 | Proportion of environmental impacts attributable to different project components for removing PFAS from WRRF effluent. Panel A

shows GHG emissions only, while Panel B shows composite environmental impact fractions across 10 TRACI impact categories.

resulted in a trade-off between increased energy consumption
and decreased physical inputs requiring transport and high-
temperature disposal. This balance ultimately resulted in lower
emissions across the board despite the high energy requirements.

To ascertain which aspects of treatment operations most
directly linked to environmental impacts, data plotted in
Figure 2A were deconstructed and categorized by project
components to identify drivers for future optimization efforts.
Figure 3 shows these impact breakdowns, with further de-
construction by alternative and impact categories shown in
Figure S3-2 and S3-3 of the SI.

Impacts from the GAC-based Alternative 1 are dominated by
virgin media production, while impacts from the RO-based
Alternative 2 are dominated by energy use to drive RO mem-
brane flux. Capital infrastructure accounts for less than 5%
of GHG emissions and less than 8% of overall environmental
impact for all treatment alternatives. However, capital infra-
structure accounts for 10%-45% of impacts in the carcinogenics
impact category, primarily due to steel production for the build-
ing enclosure as well as carbon steel production required for
sorbent vessel fabrication. Transportation of virgin, spent, and
reactivated media was also a relatively small proportion of envi-
ronmental impact, with higher relative impacts in reactivation
and reuse scenarios due to longer assumed transport distances
for reused media than for virgin media due to the need to trans-
port media back to facilities after reactivation.

3.2 | Impact Curves for Targeted Impact
Categories

In addition to the technologies used for each treatment alter-
native, environmental impacts are also highly dependent on

the flow rate through the WRRF. Impact curves were created
to quantify environmental impacts across a range of flowrates
using empirically-fit power functions. Impact curves for both
treatment alternatives for the four indicator categories of im-
pacts are shown in Figure 4 below, with panels for each alter-
native including the three conditions using incineration as well
as the 10 MGD condition assuming reactivation of GAC (hollow
symbols). Impact curves for all TRACI categories are included
as Figure S3-4 through S3-13 in the SI.

As seen in Figure 4, environmental impacts projected as a func-
tion of WRRF throughput increased approximately linearly for
Alternative 1 (power exponents near 1.0 at 0.92 and 0.94), sug-
gesting a relatively low economy of scale associated with envi-
ronmental impacts of PFAS treatment. This is due to Alternative
1 impacts being heavily influenced by virgin GAC use and dis-
posal, which scales linearly to flow. RO-based Alternative 2
treatment shows more nonlinearity (lower power exponents of
0.80 to 0.85) than GAC-based Alternative 1 due to the more sig-
nificant economy of scale for capital membrane infrastructure
and smaller sorption vessels.

Impact curves reflect conclusions from previous figures, in-
cluding differences between alternatives, GAC disposal and
reuse, and differences between carcinogenicity and other im-
pact categories but add the additional value of being able to
estimate impacts for facilities in between the three modeled
sizes. Because treating PFAS in wastewater effluent reduces
PFAS mass released to the environment, consideration of en-
vironmental impacts per mass of targeted PFAS removed and
destroyed was also considered. Impact curves per mass of tar-
geted PFAS removed are included as Figure S3-14, with PFAS
mass removal being directly proportional to MGD through-
put due to consistent PFAS concentration assumed in the de-
sign basis.

Water Environment Research, 2026
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FIGURE4 | Impact curves for four LCA outcomes across 0.1 to 10 MGD flow range. Data shown for (A) global warming, (B) eutrophication, (C)

carcinogens, and (D) ecotoxicity.

3.3 | Sensitivity Analysis on Media Changeout
Frequency

For GAC-based Alternative 1, media use was the primary
driver of environmental impacts, so the effect of varying BVs
to breakthrough beyond the baseline assumption of 10,000
was evaluated, spanning 2,000 to 50,000 BV to breakthrough
to represent practical boundary conditions. These boundary
conditions were selected to account for the wide range of
WRRF matrices and PFAS profiles, as varied co-constituents
or PFAS chemistries are likely to result in differing media use
rates in practice. Users looking to estimate impacts of remov-
ing additional PFAS or PFAS at higher concentrations can
conduct this sensitivity analysis to estimate site- or matrix-
specific emissions associated with a given sourcewater.
Because potential regulatory limits for PFAS in wastewater
effluent remain uncertain, the applicability of impact curves
to all WRRFs remains uncertain. Acknowledging that real-
world, tertiary-treated water quality and PFAS concentrations
may vary significantly by site, users can judge whether impact

curves overestimate or underestimate site-specific environ-
mental impacts by comparing actual tertiary water quality to
the assumed design basis in Tables S1-1 and S1-2. Alternately,
users can estimate media changeout rates using modeling,
RSSCT, or pilot testing, then use sensitivity analyses results
provided in Figure 5 to more quantitatively adjust estimated
impacts.

Environmental impacts to global warming, ecotoxicity, carcino-
gens, and eutrophication increased linearly with media use rates
and decreased inversely with increasing BVs to changeout, as
illustrated in Figure 5. Impacts from single-use GAC with in-
cineration were estimated to be 3X to 7x higher than for GAC
reactivation and reuse, with this difference greatest for carcino-
genic impacts and lowest for global warming. The single-use
GAC system was found to be far more sensitive to variability in
media changeout frequency relative to the GAC system with re-
activation and reuse. Despite capital infrastructure and electric-
ity being two facets of this system that do not linearly scale with
media changeout frequency, their small relative contributions to
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FIGURE 5 | Sensitivity analysis on impact of media use rate (y-axis) and bed volumes to breakthrough (in red) on environmental impacts for
WRRF effluent PFAS treatment, 10-MGD WRRFs with Alternative 1 single-use GAC (solid line) or GAC with reactivation and reuse (dashed line).

overall system emissions resulted in a y-intercept near zero for
all relationships shown in Figure 5.

3.4 | Sensitivity Analysis on Energy Sources

While environmental impacts in Alternative 1 are driven by
sorbent media production and disposal, energy inputs serve as
the primary driver for Alternative 2 due to the electricity re-
quirements of RO membranes (Figure 3). Thus, environmental
impacts of the overall treatment system can be influenced by
the type(s) of electricity used in the WRRF's energy matrix. To
assess the effect, differing energy matrices on environmental
impacts for Alternative 2 were evaluated for a range of electric-
ity sources.

As shown in Figure 6, environmental impacts associated
with Alternative 2 vary significantly as a function of the en-
ergy source used in system models. Use of a renewable energy
source (e.g., hydropower and wind) can reduce overall system
emissions by >50% for certain categories. Among renewable
sources, hydropower and wind power were found to be the least
emissions-intensive energy sources, supported by previous liter-
ature (Amponsah et al. 2014; IPCC 2011). Conversely, hard coal
is significantly more emissions-intensive than its renewable
counterparts, with coal-based energy increasing overall system
emissions by nearly 300% on average relative to the national
average consumer energy mix. Environmental impacts for spe-
cific locations can be estimated using weighted averages based
on the energy source profile of that region. The sensitivity of all
ten impact categories to different energy sources are detailed in
Table S4-1.

Y Geothermal
ard Coal

I Hydropower [ Wind
(5%

Photovoltaic [ |Natural Gas

400%

300%

200%

100%

50%

Overall Emissions as a % of Baseline

0%

Global Warming Eutrophication ~Carcinogenics Ecotoxicity

FIGURE 6 | Sensitivity analysis on impact of energy sources on
environmental impacts for WRRF effluent PFAS treatment; 10-MGD
WRRFs with Alternative 2, assuming incineration of spent GAC.

3.5 | Social Cost of GHG Emissions

The “social cost of carbon” is an established framework used
to quantify net harm to society resulting from GHG emis-
sions, including impacts to agricultural productivity, flood
risk, human health, conflict risk, and ecosystem services
(U.S. EPA 2023a). The estimated, 20-year net-present-value
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TABLE 2 | Annualized PFAS treatment costs and social costs of carbon emissions from PFAS treatment and destruction at WRRF effluent (in

millions of USD, 2023 basis).

PFAS treatment costs Social cost of carbon Ratio of treatment costs
Design (20-year NPE, $Mil) (20-year NPE, $Mil) to social cost of carbon
Alternative 1 0.1 MGD $8.5 $0.69 12
1.0 MGD $33 $6.5 5.1
10 MGD $217 $55 3.9
10 MGD with reuse $243 $16 15
Alternative 2 0.1 MGD $14 $0.53 27
1.0 MGD $31 $4.2 7.5
10 MGD $126 $29.25 4.3
10 MGD with reuse $215 $22.03 9.8

social costs of GHG emissions are presented below in Table 2
and compared with previously estimated financial costs of
PFAS treatment and destruction (Ling et al. 2024), adjusted
to match assumptions used in this paper. The social cost of
GHG emissions for the scenarios evaluated was estimated to
be between 4x and 27X lower than annualized capital and
operations costs for WRRFs between 0.1 and 10 MGD. This
ratio is lower at higher flow rates, reflecting the difference in
power function for costs (lower power coefficient, more econ-
omy of scale) versus environmental impacts (higher power co-
efficient, less economy of scale, especially for Alternative 1).
Thus, large facilities on the order of hundreds of MGD could
see social costs of GHG emissions approaching financial costs.
Scenarios with GAC reuse have higher ratios, reflecting more
environmental impact savings than financial savings from
this operational choice. The scenario with the highest ratio
of financial costs to social cost of carbon was Alternative 2 at
0.1 MGD, which has relatively high capital costs per volume
treated due to many treatment processes with high economies
of scale.

4 | Discussion

4.1 | Estimated GHG Emissions for Minnesota as a
Case Study

Minnesota reported statewide 2022 total GHG emissions as
127 million metric tons/year of CO, equivalents, 400,000 of
which were emitted by the wastewater sector (MPCA 2025).
The additional emissions estimated here for adding PFAS
treatment are 620,000 metric tons CO, equivalents/year if in-
cluding all WRRFs greater than 10 MGD and 840,000 metric
tons/year if including all WRRFs greater than 1 MGD. This
would correspond to a 2.3- to 3.1-fold increase in GHG emis-
sions from the wastewater sector and a 0.5%-0.7% increase
in total statewide emissions (MPCA 2025). This projected in-
crease in GHG emissions from the wastewater sector would
make it more difficult for WRRFs to achieve GHG-neutral op-
eration. For context, 620,000-840,000 metric tons/year from
PFAS treatment in WRRF effluent is equivalent to the annual
emissions of about 160,000 surplus conventional cars (U.S.
EPA 2023D).

4.2 | Media Changeout Frequency Considerations

Media production and disposal accounted for a majority of the en-
vironmental impacts estimated for Alternative 1, consistent with
findings from previous studies (Ling et al. 2025; Smith et al. 2025),
so differences in media use rates between WRRFs of similar size
significantly change environmental impacts (Figure 5), Media
use rates depend on a combination of permit conditions like aver-
aging period, limit value, and PFAS included; water quality con-
ditions like PFAS concentrations, nontarget co-constituents that
compete for adsorption sites, solution pH, organic matter makeup;
and operational choices and risk preferences. Which individual
PFAS are assigned discharge permit limits also strongly affects
media changeout, as breakthrough can occur between 2 and
10 times faster for four-carbon PFAS compared to eight-carbon
analogs when using GAC (Westreich et al. 2018; J. Burkhardt
et al. 2019; Franke et al. 2021). This means that removal of short-
chain compounds will use more media for a given amount of
water treated and thus incur more environmental externalities
for the overall system. Approaches to predict media use rates, in
order of increasing complexity and accuracy, include computa-
tional modeling (Burkhardt et al. 2022), rapid small-scale column
tests (RSSCTs), and on-site pilot tests. Complex water quality is
difficult to account for in modeling, contributing uncertainty to
model results. RSSCTs use smaller media and columns and can
achieve breakthrough faster than pilot tests, but commonly un-
derpredict media use rates (Kempisty et al. 2022).

Another complication impacting media changeout frequency
is that current PFAS analytical results are expensive and can
take weeks to receive (U.S. EPA 2021a), limiting the ability of
WRREFs to rely solely on PFAS analysis to initiate changeout. In
addition, PFAS profiles entering WRRFs can vary significantly
with time (Szabo et al. 2023), which complicates breakthrough
modeling and makes it difficult to guarantee compliance with
low-level PFAS effluent limits for individual WRRFs.

4.3 | Implications for Media Reactivation
and Reuse

Two separate 10 MGD scenarios were evaluated in this study to
elucidate the impact of reusing reactivated carbon. The first 10
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MGD scenario matched the 1 MGD and 0.1 MGD scenarios in
that spent GAC is sent to off-site incineration without reuse. The
second scenario assumed that spent GAC was thermally reac-
tivated and returned to the site for reuse, with 20% makeup of
virgin carbon due to GAC mass lost during reactivation. Sending
spent GAC to reactivation without a site-specific contract and
purchasing reactivated GAC through the general pool is an al-
ternate disposal method that was not evaluated here but could
be a lower impact option for smaller facilities. Reactivating and
reusing GAC for purposes other than PFAS removal, reflecting
downgraded GAC quality, is another alternate disposal option
not evaluated here.

Reuse of reactivated media significantly reduced environmen-
tal impacts of PFAS treatment, with 70% and 25% reductions in
GHG emissions relative to single-use GAC for Alternatives 1 and
2, respectively. In fact, GAC reuse in Alternative 1 is associated
with lower GHG emissions than Alternative 2 with either GAC
reuse or virgin GAC use, suggesting that reusing GAC reduces
secondary environmental impacts more than using RO to re-
duce flowrates requiring sorbent treatment.

Considerations for reactivated media reuse include performance
and logistics. Previous work has found that PFAS adsorption
with reactivated media is effective when reusing media at the
same site but less so when using general-pool reactivated car-
bon from other sources (Westreich et al. 2018). Same-site reuse
requires a specific contract with a reactivation facility to en-
sure separation throughout the process and is typically limited
to facilities changing out at least 80,000 lbs. of media per event
(Barr Engineering Co. and Hazen and Sawyer 2023). Based on
the design empty-bed contact time of 15min per vessel used in
Alternative 1, 80,000 lbs. of media per changeout corresponds
to facilities treating greater than about 2 MGD. Facilities reac-
tivating and reusing GAC will also need to purchase a “swing
load” of carbon to use while GAC is being reactivated offsite and
15%-30% virgin carbon after each reactivation cycle to make
up for GAC lost during reactivation (U.S. EPA 2026; Redding
2024). While GAC reactivation has been validated for resto-
ration of PFAS sorption capacity on the media itself, questions
still remain regarding the ultimate fate of all PFAS during reac-
tivation, as current analytical methods limit researchers’ ability
to close fluorine mass balances through the process (DiStefano
et al. 2022).

4.4 | Benefits of PFAS Treatment and Destruction

This and previous work outlined financial, social, and environ-
mental costs of treating and destroying PFAS in WRRF effluent.
There are also clear benefits, but these are more diffuse in im-
pact and harder to quantify.

While total human health impacts from PFAS exposure are es-
timated to incur costs between $6 and $60 billion each year in
the United States (Obsekov et al. 2023), estimated human health
benefit of treating PFAS in WRRF effluent is difficult to esti-
mate. The US EPA estimates that drinking water only accounts
for 20% of total PFAS exposure (U.S. EPA 2022b), with most
exposure likely coming from food ingestion and dust inhala-
tion (De Silva et al. 2021), which are not directly impacted by

water quality improvements. Public drinking water systems in
the United States are required to have PFOA and PFOS levels
below 4ng/L by 2031 (PFAS National Primary Drinking Water
Regulation 2024; US EPA 2025b), so PFAS-associated human
health risk from the US drinking water will be lower then,
even in the case of ongoing wastewater discharges containing
PFAS. And while some 10% of Americans get drinking water
from private systems not affected by drinking water regulations;
those groundwater systems are unlikely to be directly impacted
by wastewater discharges. A recent study found that treating
low-level PFAS concentrations in drinking water would not pro-
vide a net human health benefit (Smith et al. 2025). Treating an
equivalent volume of wastewater would likely provide even less
health benefit, as WRRF effluent is not directly tied to exposure
beyond the currently limited instances of direct potable reuse.
Thus, treating WRRF effluent for PFAS is not expected to pro-
vide meaningful health benefits through drinking water.

Human PFAS exposures from surface waters can also occur
through nonpoint sources like consumption of contaminated
fish or wildlife in the riparian food web (Barbo et al. 2023;
Kotalik et al. 2025). Thus, treating upstream wastewater dis-
charges for PFAS is more likely to improve health outcomes for
subsistence fishermen who consume substantially more locally
caught fish than the typical person.

The framing of this study assigns estimated treatment exter-
nalities to PFAS treatment, assuming that regulatory need
or proactive action to treat PFAS drives installation of the
discussed technologies. PFAS treatment at WRRFs is also
likely to have environmental benefits related to improved
water quality in immediate receiving waters for non-PFAS
parameters. Compared to conventional activated sludge
treatment, adding PFAS treatment to WRRFs would signifi-
cantly improve discharge quality for conventional pollutants
and many contaminants of emerging concern. Both alterna-
tives require tertiary treatment to protect RO membranes or
media bed life, resulting in substantially improved discharge
water quality than conventional secondary WRRFs for con-
ventional pollutants like solids (TSS) and organics (BOD).
Wastewater treatment technologies similar to those evaluated
in this paper have significantly reduced overall aquatic tox-
icity in downstream receiving waters (Alzahrani et al. 2013;
Volker et al. 2019). In drinking water treatment, one recent
study found that adding PFAS treatment reduced disinfection
byproduct concentrations by about half (Evans et al. 2025),
and similar reductions in WRRF effluent could benefit down-
stream aquatic life. Wastewater effluent that has been treated
to remove PFAS is more likely to be suitable for direct, indi-
rect, and de facto potable water reuse due to improved water
quality across the range of parameters mentioned here, thus
providing additional water supply security and potential for
a more circular water economy. A recent study estimates that
wastewater discharges impair drinking water for 10 million
Americans due to PFAS (Ruyle et al. 2025), showing how
much “de facto” reuse is occurring.

Reducing PFAS loading to downstream waters can have politi-
cal benefits for wastewater discharges that eventually flow into
another legal jurisdiction. For example, in the United States,
many sovereign Tribal Nations retain reserved treaty rights that
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guarantee Tribal Nations the right to hunt, fish, and gather in
treaty protected areas. Limiting fish PFAS exposures and accu-
mulation, notably for PFAS that did not exist at the signing of
those treaties, is one way that intergovernmental commitments
could be honored.

Reducing PFAS loading to the environment through var-
ious means also has abstract but important, potential bene-
fits to the rights of nature and to future humanity. Because
of their persistence, ambient processes to fully defluorinate
PFAS have not been identified, meaning that ongoing PFAS
emissions cause continued, irreversible increases in environ-
mental PFAS mass (Arp et al. 2024; Ling 2024), increasing
future exposures and compounding intergenerational injus-
tice issues. Furthermore, the rights of nature is a legal con-
cept that recognizes that the earth and living creatures have
an inherent right to exist without being harmed by humans
(Epstein et al. 2023). These rights could extend to the right to
exist without anthropogenic contamination of persistent, toxic
compounds.

4.5 | Regulatory Implications

Treating and destroying PFAS in municipal WRRF effluents
have cross-media regulatory implications that involve trade-
offs between competing environmental and economic goals.
For example, the state of Minnesota aims to achieve net-zero
GHG emissions by 2050; however, increased GHG emissions
from PFAS treatment and destruction at WRRFs would make
meeting the net-zero goal more difficult. Many regulatory
programs addressing wastewater discharges worldwide do
not have straightforward regulatory mechanisms to simulta-
neously weigh competing large-scale environmental trade-
offs, especially when the environmental effects of wastewater
treatment affect another environmental media. In many ju-
risdictions, wastewater effluent, wastewater biosolids, and air
emissions are regulated under separate permitting authori-
ties, making cumulative impact assessment of PFAS treatment
at WRRFs regulatorily difficult. For example, the U.S. Clean
Water Act allows for consideration of whether wastewater
treatment would “cause more environmental damage to cor-
rect than to leave in place” (U.S. 40 CFR Part 131.10 2026) but
only allows this consideration under a temporary permitting
variance with complex regulatory approvals independent of
air emission or solid waste permitting approvals. When evalu-
ating the costs and benefits of PFAS treatment and destruction
at WRRFs, care should be taken to incorporate the legal and
regulatory mechanisms that control pollution and the cross-
media impacts of those mechanisms.

4.6 | Considerations for Other Treatment
Technologies

Because of their inherent persistence and mobility and low
concentrations in wastewater, the environmental impacts as-
sociated with removing and destroying PFAS are greater than
those for conventional pollutants like solids, organic matter,
and nutrients. While this work evaluated impacts of tech-
nologies currently available at the commercial scale, other

technologies undergoing development and scale-up could
potentially be used in the future with lower environmental
impacts. For example, foam fractionation and regenerable
ion exchange (IXR) have both been recently applied to treat
wastewater at WRRFs with design flows exceeding 1 MGD
(Woodard et al. 2024; Wu et al. 2025) and have the potential
for lower environmental impacts compared with the alterna-
tives evaluated here (Ellis et al. 2023). Foam fractionation and
regenerable media technologies produce liquid residuals with
concentrated PFAS. Studies to date have evaluated supercriti-
cal water oxidation (SCWO), hydrothermal alkaline treatment
(HALT), electrochemical oxidation (ECO), plasma vortex
technology, and others for destruction of PFAS in concen-
trated residuals (Higgins et al. 2025; Woodard 2024). Further
research is recommended regarding application of these tech-
nologies for complex WRRF effluent matrices, as well as for
other stores of PFAS in WRRFs like sludge and biosolids.

5 | Conclusions

Removing and destroying PFAS in WRRF effluent would have
economic, social, and environmental costs and benefits. This
study estimates environmental impacts of PFAS treatment for
wastewater effluent and translates estimated GHG emissions
into associated social costs using a previously established
framework. When paired with a previous study on financial
costs (Ling et al. 2024), these results show a range of potential
drawbacks to treating wastewater effluent for PFAS. Additional
research is needed to better characterize and quantify the po-
tential benefits of removing and destroying PFAS from WRRF
effluent to support policy makers in conducting comprehensive
cost-benefit analysis of potential regulations.

Environmental impacts from treating PFAS in WRRF effluent
have the potential to affect aquatic, atmospheric, biological,
and human systems in numerous ways. Such impacts are not
limited to local regions or receiving bodies alone but rather
affect a much broader scope of the environment due to a wide
array of inputs from segments like coal mining, chemicals
synthesis, and transportation methods with a global scope
of materials production and environmental degradation. For
adsorption-dominated PFAS treatment trains, use of new
media and thermal treatment/destruction of spent media has
the greatest environmental impacts while for high-pressure
membrane PFAS treatment trains, electricity requirements
exert the greatest environmental impact. Overall, RO-based
Alternative 2 is projected to be a more sustainable approach
to PFAS treatment in WRRF effluent than GAC-based
Alternative 1 despite its higher energy demands and more
complex process configuration. Similarly, GAC-based tech-
nologies with reactivation and reuse are associated with fewer
environmental externalities than a single-use GAC operation.
The heavy contribution from ongoing consumable inputs
means that environmental impacts have limited economies-
of-scale for larger facilities when using Alternative 1.

Wastewater utilities and regulators need tools that can be used
to estimate environmental impacts and environmental exter-
nalities of PFAS treatment to inform permitting and long-term
planning. This study presents impact curves to predict GHG
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emissions, carcinogenicity, ecotoxicity, and eutrophication im-
pacts of removing and destroying PFAS in WRREF effluent using
two treatment trains with varied waste disposal methods. These
curves can be used in conjunction with previously published
cost curves (Ling et al. 2024) to evaluate economic and envi-
ronmental impacts of potential future treatment systems and
to compare the costs and benefits of PFAS treatment. Decision-
making around advanced water and wastewater treatment
should consider environmental and community impacts in ad-
dition to other costs and benefits.
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