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View Article Online
Environmental Significance Statement Jo TR
To protect human health, advised concentration limits of per- and polyfluoroalkyl substances
(PFAS) in drinking water have become stricter over time. Granular activated carbon (GAC)
filtration is a widely implemented water treatment technology, but its effectiveness for PFAS
removal depends on the regeneration or replacement frequency. More frequent GAC
replacement reduces PFAS concentrations in drinking water, but also incurs human health
trade-offs through increased particulate matter emissions and climate-related risks. In this
study, we quantified these trade-offs, comparing the benefits of lower PFAS exposure to the
negative impacts of the intensified treatment. Our findings provide critical insight for balancing
PFAS removal with sustainable treatment, informing regulatory decisions to optimally benefit
human health.
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View Article Online

Emerging investigator series: PFAS drinking water treatment™ ™

trade-offs: comparing the health burden of GAC treatment to the

health benefits of reduced PFAS exposure
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Parvathi Suresh Nair', Mar Palmeros Parada’

'Delft University of Technology, Department of Water Management, Stevinweg 1, 2628 CN,
Delft, the Netherlands.
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Abstract

To protect human health, limits for the concentrations of per- and polyfluoroalkyl substances
(PFAS) in drinking water are decreasing in many countries. However, the required treatment
to achieve these lower concentrations is more resource and energy intensive than
conventional drinking water treatment. Consequently, this intensified water treatment has an
indirect negative impact on human health. For example, treatment with granular activated
carbon (GAC), commonly used for PFAS removal, can lead to particulate matter emissions
and additional global warming. These negative impacts partly off-set the health benefit
achieved by lower PFAS exposure via drinking water. In this study, we quantified health
impacts of both the increased treatment and the reduced PFAS exposure in disability-adjusted
life years (DALYs), to assess whether PFAS removal from drinking water to specified targets
with GAC results in a net health benefit. We selected the prospective Dutch drinking water
guideline for PFAS of 4.4 ng PFOA-equivalent (PEQ)/L, as this guideline is amongst the more
conservative concentration targets globally. We first conducted a Life Cycle Assessment
(LCA) to quantify the health cost associated with the increased reactivation frequency of an
existing GAC system in the Netherlands, required to achieve PFAS concentrations below 4.4
ng PEQ/L. Then, we quantified the health benefit obtained by the corresponding lower PFAS
exposure, using pharmacokinetic modelling combined with published dose response
relationships. For the treatment plant investigated in the current study, which uses reactivated
wood-based GAC, increasing the reactivation frequency to remove more PFAS was found to
result in a net health benefit of 6.9-300 DALYs/108 persons/year. However, when single-use
rather than reactivated GAC would be used for PFAS treatment, the health losses from the
GAC production were in the same range as the health benefits from lower PFAS exposure.
Overall, the negative health impacts associated with more intensive water treatment should
be considered when developing strategies to reduce PFAS exposure.

Introduction

Per- and polyfluoroalkyl substances (PFAS) have become ubiquitous in the environment, after
decades of widespread use in industry and consumer products.” PFAS are a large group of
organic compounds that contain at least one perfluoroalkyl moiety in their molecular structure.?
Most research on PFAS has focused on a relatively small number of water soluble
compounds, the perfluoroalkyl(ether) acids and their precursors." These PFAS are highly
persistent, or break down to persistent degradation products that are often still PFAS.3 In
addition to this persistency, certain PFAS have a high bioaccumulation potential and have
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been linked to a range of adverse health effects, including immunotoxic effects, kigney caticer i

M

and hypothyroidism.45

The association between PFAS and these health effects has led to the global
introduction of limits on their concentration in drinking water. The European drinking water
directive currently defines a maximum concentration of the sum of 20 PFAS at 100 ng/L, and
a ‘PFAS total’ limit of 500 ng/L.6 The UK applies the same guideline of 100 ng/L, but for the
sum of 47 PFAS.” In Australia, health-based guideline concentrations ranging from 4 to 1000
ng/L for four individual PFAS are currently under public consultation, and expected to be
finalized in April 2025.8 Canada recently established a concentration objective of 30 ng/L for
the sum of 25 PFAS.® In April 2024, the US EPA published maximum contaminant levels for
five individual PFAS, ranging from 4 to 10 ng/L."® To include mixture effects, four PFAS are
also regulated via a hazard index, with health-based limit values between 10 and 2000 ng/L.

As more information about the health effects of PFAS became available, guidelines for
maximum PFAS exposure were lowered over time. For example, the European Food Safety
Authority (EFSA) defined a tolerable weekly intake (TWI) of 4.4 ng per kg bodyweight per
week for the sum of four PFAS: PFOA, PFOS, PFNA and PFHxS (for full names, see
Supplementary Information (SI) Table 1)." Together, these PFAS will hereafter be referred to
as YEFSA4’. This TWI was derived from the association between high serum YEFSA4
concentrations and a lower antibody response to vaccination against diphtheria in breastfed
one-year-olds.' 12 The value was set to ensure that breastfeeding mothers have sufficiently
low PFAS serum concentrations (<6.9 ug/L) to prevent exceedance of the ‘safe’ PFAS
concentration in their children’s serum at age 1 (<17.5 yg/L). Translating this TWI to drinking
water guidelines would result in much lower concentration limits than the currently applied 100
ng/L for the sum of 20 PFAS. For this reason, some European countries are already
introducing more stringent guidelines.

The Netherlands is one such country that introduced PFAS concentration guidelines
for drinking water based on the EFSA-TWI, and these PFAS limits will be used as a case study
throughout this paper. The National Institute for Public Health and the Environment (RIVM)
has translated the EFSA-TWI to drinking water concentrations (Cpw), based on an assumed
drinking water consumption of 2 L/day, bodyweight of 70 kg and drinking water contribution
of 20 % to the total PFAS exposure.’”® Where EFSA assumed equipotency in their TWI
derivation', the RIVM uses relative potency factors (RPFs) to translate concentrations of 23
individual PFAS into ‘PFOA-equivalent’ concentrations (PEQ) and thereby evaluate mixture
toxicity.'#1% These RPFs were determined based on benchmark doses for liver toxicity in rats,
and range from 0.001 (PFBS) to 10 (PFNA, PFDA)."* Altogether, this has resulted in an
advised maximum Cpyy of 4.4 ng PEQ/L, which may become legally enforceable in the future.'3
RPFs of the 23 PFAS included in this guideline are given in S| Table 1, with an example
calculation.

Drinking water companies have started preparing their infrastructure to meet this more
stringent PFAS guideline. Adsorption onto activated carbon, anion exchange treatment and
membrane-based processes, specifically nanofiltration and reverse osmosis, are the
treatment technologies for the removal of PFAS from drinking water that have been most
demonstrated at relevant scales.'® Of these, adsorption to activated carbon is most used in
practice, but reactivation frequencies may need to be increased to meet lowered guideline
concentrations. All these technologies are significantly more resource-intensive than
conventional drinking water treatments, and are thus also expected to indirectly impact human
health via, for example, their global warming potential and fine particulate matter formation.
Currently, these impacts are not considered in the cost-benefit analysis of removing PFAS
from drinking water.

PFAS have been shown to contribute considerably to disease burden and disability'"-
9 so public health and policy interventions are clearly necessary to limit exposure to a

2
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tolerable level. However, to adequately quantify the health benefits of intensified drinking water:s >»s

M
treatment, the indirect health effects associated with the implementation of treatment

technologies should be considered as well. Therefore, estimating both types of human health
impacts is essential, i.e. the health gained by reduced PFAS exposure via drinking water and
the health lost due to the drinking water treatment technologies. By expressing both impacts
in disability-adjusted life years (DALYs) and comparing them, we can estimate if installing or
upgrading these treatment technologies achieves a net health benefit. DALYs are used by the
World Health Organization (WHO) to quantify the overall burden of disease associated with
different water-related hazards, where one DALY represents the loss of the equivalent of one
year of full health.?® DALYs account for both the severity and the duration of adverse
endpoints.

The specific objective of the study was to develop a methodology enabling (i)
quantification of the human health ‘gained’ by removing PFAS from drinking water to an
advised maximum concentration; (ii) quantification of the human health ‘lost’ due to the
impacts of the required treatment technologies; and (iii) a comparison of these ranges to
determine whether the concentration guideline leads to a net gain in human health. The paper
further serves to start a dialogue about this complex issue and to identify knowledge gaps that
can initiate further research. The Leiduin water treatment plant of Waternet, the drinking water
production company of the Amsterdam region, was used as a case study. Adsorption to
granular activated carbon (GAC) is used at this site, currently with a reactivation frequency
sufficient to meet existing PFAS limits. This reactivation frequency may be increased in the
future, if PFAS concentration limits are lowered.

Methods

Figure 1 illustrates the approach followed to enable the quantitative comparison between
DALYs gained and DALYSs lost by the removal of PFAS from drinking water. The methodology
is structured accordingly, with the first subsection explaining the calculation of the DALY's lost
due to secondary impacts of the GAC treatment and the second section explaining how the
DALYs gained by removing PFAS from drinking water were estimated.

Existing treatment Historical PFAS Current drinking Guideline drinking
process breakthrough curves water concentrations water concentrations
Current GAC More frequent GAC EFSA PBPK model
regeneration regeneration to meet l l
Global warming frequency new guidelines Serum PFAS conc. Serum PFAS conc. '
potential | | l | Hypertension
Particulate . . Kidney cancer
o LCA over GAC system Dose response relationships
matter emssions 1 L l 1 & T Testicularcancer
Release of toxic Hypothyroidism
substances DALYs DALYs DALYs DALYs
ADALYs lost by impacts of ADALYs gained by lower PFAS
expanded treatment system exposure from drinking water

infectious diseases
l used to derive EFSA

‘ Total DALYs from 3

TWI

Compare

Figure 1: Graphical representation of the approach followed to answer the research question, as described in the
text. LCA = life cycle assessment; DALYs = disability adjusted life years; EFSA = European Food Safety Authority;
GAC = Granular Activated Carbon; PBPK = physiologically-based pharmacokinetic; TWI = tolerable weekly intake.
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1

2

3 Estimation of DALYs from GAC treatment DO 101039 DatmO0a s
g To estimate the DALY losses associated with an increased GAC reactivation frequency to
6 meet the 4.4 ng PEQ/L target, a Life Cycle Assessment (LCA) was conducted following the
7 ISO standards 14040 and 14044. The goal of the assessment was to quantify the difference
8 in human health impacts (DALYs) of water treatment between a status-quo scenario (a) and
?0 an increased treatment scenario (b) to meet the target PEQ. The functional unit was defined
11 as one m? of treated water, which was eventually multiplied with the total production of the
12 Leiduin plant in 2024 (70,654,000 m?3) to get to a unit of DALYs/108 p/year, since Leiduin
13 supplies drinking water to roughly 10 people. The scope of analysis was centered on the GAC
148' treatment step of the water treatment process, as only the GAC reactivation frequency
12@ changes between scenarios. Therefore, while the scope is centered only on the GAC

treatment process, a cradle-to-gate analysis was conducted, including GAC production,
transportation, and disposal/reactivation (see Figure 2).

Impacts were calculated for different GAC options reflecting common practice, namely:
single-use and reactivated wood GAC, and single-use and reactivated coal GAC, yielding four
variants for each scenario. It is considered that impacts associated to other common water
treatment methods will fall within or close to the estimated range, as health impacts from GAC
and lon Exchange (IE) water treatment have been found to be comparable.?' Additionally, the
considered GAC alternatives are expected to yield a wide range of impacts, as wood GAC
treatment is associated to low health impacts whereas single-use coal GAC is associated to
high health impacts when comparing different treatment options.?223 When included, the
reactivation was always modelled as a thermal off-site process, to realistically represent
existing practice at the Leiduin site.

To conduct the LCA, the ReCiPe 2016 H/H method was applied, as it directly calculates
end-point human health impacts in DALYs. The SimaPro software version 9.6.0.1 was used
to compile the Life Cycle Inventory (LCI) data and calculate impacts. In the next subsections,
more details are presented on the main data and assumptions in the LCI per process step
(block in Figure 2). Since the study investigated human health impacts, only results expressed
in DALY's were considered in the data evaluation.
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Single Use Wood/Coal GAC DOI: 10.1039/DSEMO0238A

Emissions to Emissions to
air & solid )
waste

Mined Coal or GAC Drinking
Wood Chips Production Water
Other RM

and Energy

Sources

Emissions to
air & solid
waste

Emissions to Emissions to
air & solid air & solid
waste waste

GAC Fresh GAC Water

Treatment

Mined Coal or
Wood Chips

Drinking

Production

Reactivated
GAC

GAC
Reactivation

12.5% GAC losses

SpentGAC

Other RM Other RM Other RM
and Energy and Energy and E
Sources Sources Sources

Figure 2: System boundaries considered for single-use and reactivated GAC. Note that as fresh GAC is needed
even when using GAC reactivation (to make up for 12.5% losses in each reactivation cycle), the GAC production
process is also included within the reactivated GAC system boundaries. Grey in- and out-flows indicate flows in
the water treatment process that would not change with updated quality targets and are therefore excluded from
the analysis. A circled T indicates transport. RM: Raw materials.

Water treatment - Quantify current reactivation frequency

In 2024, Waternet used 931,000 kg GAC (Mgac), of which 87.5% was reactivated and the rest
supplemented with virgin GAC. The used carbon is extruded reactivated pellet wood-based
GAC, produced and reactivated by Norit Zaandam. The density of the GAC used was 377
kg/m3 (peac). Waternet uses a two-stage GAC filtration, with twenty filters per stage, each with
a volume of 145 m3 (V;). All new GAC entering the treatment facility enters the second stage
filters, for which the replacement frequency (f,) was calculated as per Equation 1. To
recalculate this replacement frequency into a maximum stand time of the GAC, it was
multiplied by 365 days/year.

k
MGAC[ye—ZT]

fr(year™) = i
n-Ve[m3]- peacl 3]
Equation 1

5
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1

2

3 After the GAC in one of the twenty second stage filters is replaced with new GAG, the GACS- "1
4 from that filter is reused in one of six filters in the first stage. When the GAC from one of these
Z six first stage filters is replaced, it is sent for reactivation and then again enters a second stage
7 filter. The other 14 first stage filters are never renewed. So, the total time the GAC spends in
8 a stage one filter is equal to a factor 6/20 times the time spent in stage two. This process is
9 summarised in S| Figure 1.

10

1; Determine required (future) reactivation frequency

13 To quantify the increase in GAC reactivation frequency needed to achieve the Dutch guideline
14 concentration of 4.4 ng PEQ/L, we used historical data on the PFAS breakthrough in
15¢ Waternet's GAC filters. Data from January 2020 to December 2023 (n = 210) was used in a
165 linear regression model that related the operational time of GAC filters (e, days) to PFAS

breakthrough from raw water to drinking water (Cpw/Craw) @s shown in Equation 2 and S
Figure 2. Here, concentrations of 23 PFAS were expressed in PEQ and summed, with
concentrations below the limit of quantification (LOQ) set to zero, according to the Dutch
guidelines for determining lower bound PEQ concentrations.?* While breakthrough of
individual PFAS is typically non-linear, the breakthrough curve for PEQ fit well to a linear curve
(Sl Figure 2, R2=0.88).

Cow

Cr =m- tf ilter
aw
Equation 2

Raw water concentration data from January to December 2024 (n = 15) were used to
calculate the required removal (i.e., maximum breakthrough) to achieve a mean PFAS Cpy
below 4.4 ng PEQ/L. Equation 2 was then used to relate this maximum breakthrough to a
maximum average operational time of the second-stage GAC filters. For simplicity and to
include a safety margin, any PFAS removal occurring in the six reactivated filters of the first
stage was ignored. The operational time used to determine the required reactivation frequency
was twice the operational time found from Equation 2: since multiple GAC filters are operated
in parallel, this ensures that the average operational time over all filters is equal to the
determined maximum. To quantify a 95 % confidence interval over the required reactivation
frequency, error propagation including the standard errors over the raw water concentrations
and over the regression slope (m, Equation 2) was used. The data and calculations are
presented in supplementary methods file 1.

Equation 1 was subsequently rewritten to calculate the required amount of GAC from the
determined minimum reactivation frequencies (best estimate and 95 % upper and lower limits).
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45 To verify this calculation method, the PEQ concentration in the drinking water in 2024 was
j? calculated from the known average raw water concentration in 2024 and the known maximum
48 operational time of the filters in 2024 (428 days, see results section). The concentration
49 calculated accordingly was 8.7 % lower than the average drinking water concentration
50 measured in 2024, which was deemed acceptable. This calculation is also presented in
51 supplementary methods file 1.

52 For the prospective scenario, we assumed the same reactivated:virgin GAC ratio as in
53 2024 (87.5 % reactivated GAC). We assumed the same yearly amounts for all types of GAC
g;‘ included, while in reality, the PFAS adsorption performance differs for different types of GAC.2°
56 Coal-based GAC typically has a higher removal efficiency than biobased GAC, including
57 wood-based and coconut-based.?®?" It is thus possible that less coal-based GAC would be
58 needed to achieve the required PFAS removal, because of its better performance than wood-
59 based GAC. The estimated human health cost of the coal-based GAC variants may therefore
60 be a minor overestimation. The PFAS removal of virgin versus reactivated GAC is often

6
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comparable, both for coal-based and biobased GAC.2>2” The amount of single:use, wgigd= s i0%

MO00238A

based GAC required is thus probably reasonably close to the estimate based on the
reactivated GAC. Because Leiduin uses reactivated wood-based GAC, these results were
always taken as the best estimate, and the other GAC types were included to show the
approximate range of the potential impact.

Coal GAC Production and Reactivation

Coal GAC production requires a carbonization and an activation step. To model these
processes, an Ecoinvent database process was used based on the data by Bayer et al. (2005)
and Mufoz et al. (2007).282° Besides the GAC production process, the database process
includes coal extraction and transportation and accounts inputs of electricity, natural gas,
water and hard-coal production based on data from European plants. The model includes
GAC transport over 35 km to the water treatment plant, which is the real distance between the
Leiduin plant and the reactivation process (Norit Zaandam). Spent GAC is transported 20 km
to an incineration plant, which is the real distance between the Leiduin plant and the closest
waste incineration plant. In the LCA model, spent GAC is incinerated as hazardous waste, as
in Ellis et al., 2023.22 The reactivation of coal GAC production was also modelled based on an
Ecoinvent dataset for reactivation based on the same studies, and considering a transportation
distance of 35 km from the water treatment plant to the reactivation site.

Wood GAC Production and Reactivation

Wood GAC production requires the carbonization of woodchips and the activation of the
obtained biochar. To model this process, it was assumed that wood bark chips are commonly
available and transported to a central location 50 km away. Activation is modeled based on
the data by Gu et al. (2018)%, and following the same assumptions as Vilen et al. (2022) for
carbonization.?® That is, the carbonization emissions derive from an Ecoinvent dataset for heat
and electricity co-production from wood, with reduced CO,, CO and CH, emissions by 43 %,
considering the carbon that remains in the biochar, and are explicitly accounted as biogenic.
For details on the LCI, see Sl Tables 2-5. Wood GAC reactivation was modeled based on the
wood-activation process, assuming a decrease in electricity and nitrogen of 24 %, and of water
of 27 % taking as reference the difference in requirements between coal GAC production and
activation,?® and considering GAC losses of 12.5 % in each reactivation cycle as reported by
the Leiduin site. Additionally, emissions to air were assumed to be the same as the emissions
from the activation step in wood GAC production (i.e., without carbonization emissions). As
with coal GAC reactivation, it is assumed that spent wood GAC is transported 35 km for
reactivation.

Estimation of ADALYs lost from GAC treatment

Finally, Equation 3 was used to estimate the negative health impact (DALY ) associated with
more frequent GAC reactivation to remove PFAS down to a drinking water concentration of
4.4 ng PEQI/L. Here, DALY gac, Target is the total human health cost output, in DALYs/108 p/year,
from the LCA model with the targeted (increased) GAC reactivation frequency. Similarly,
DALY gac, current I8 the total human health cost output from the LCA model with the current GAC
reactivation frequency.

DALYs
106 people - year

DALY s | = DALY A Target — DALY cac current

Equation 3
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1

2

2 Estimation of DALYs from PFAS exposure via drinking water DO 101039 DatmO0a s
5 Current PFAS drinking water concentrations (in 2024, corresponding to the existing GAC
6 reactivation frequency) were obtained from Waternet. Each PFAS was measured in two
7 samples, one from each production line, on 13 dates spread out during 2024 (26 samples total
8 — the Leiduin site has two identical parallel production lines). ‘Target’ PFAS concentrations,
9 corresponding to the increased reactivation frequency, were found from the same linear
10 regression model as described previously (Equation 2), but now for individual PFAS instead
1; of PEQ. First, the prospective PFOA, PFOS and PFHxS breakthrough values at the increased
13 reactivation frequency were found from their individual linear regression fit. Using the mean
14 concentration in the raw water during 2024 (n = 15), these breakthrough values were then
15% calculated into a ‘target’ Cpyw of PFOA, PFOS and PFHxS. Since PFNA concentrations in the
165 current drinking water were already always below the LOQ (0.5 ng/L), PFNA was left out of

the entire analysis.

These PFAS concentrations in drinking water were then related to PFAS
concentrations in plasma, using the same physiologically-based pharmacokinetic (PBPK)
model as used by EFSA in their derivation of the 4.4 ng Y EFSA4/kg bw/week TWI."! In this
model, EFSA assumed that PFNA behaved identically to PFOA, and PFOS to PFHxS. We
adopted the same assumption, so PFOS and PFHXS concentrations were summed and
modelled as PFOS. The PBPK model code was obtained from EFSA’s 2020 publication' and
rewritten in MATLAB, the full code is available in supplementary methods file 2.

First, EFSA’s TWI model of serum concentrations over time was reproduced, to verify
our MATLAB code (Sl figure 3). In their model, EFSA assumed a total oral PFOA+PFNA dose
of 0.19 ng/kg bw/day, and a total PFOS+PFHxS dose of 0.44 ng/kg bw/day (i.e., a tolerable
daily intake (TDI) of 0.63 ng Y EFSA4kg bw/day = 4.4 ng/kg bw/week). Using the RIVM
calculation introduced earlier and in Equation 4, relating this to a drinking water concentration
limit (Crax.ersapw) resulted in 1.3 ng/L PFOA/PFNA and 3.1 ng/L PFOS/PFHXxS.

9. :
I |5 ] 70 Teg] 20 %

Cmax,EFSA,DW[%] = 2[ T ]

Equation 4

We used the current and targeted PFAS concentrations in the drinking water supplied
by Waternet's Leiduin site (Cpw, ng/L), to calculate the PFOA and PFOS/PFHXS exposure
without and with additional drinking water treatment (Exppras, Ng/(kg bw’day)), as per Equation
5. For the current drinking water concentrations, we modelled the mean PFOA and
PFOS/PFHxS concentrations during 2024, and the 95 % confidence interval of the mean
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jg (assuming a normal distribution, see S| Figure 4 for an overview of the current concentrations).
47 For the target concentrations, only the best estimate value was used. The exposure from other
48 sources was kept at 80% of the original EFSA TDI values, as a best case scenario. In reality,
49 however, the total exposure is often above the TDL.'33" Therefore, we also repeated our
50 analysis using the most recently available data quantifying dietary PFAS exposure in the Dutch
51 population®!, and completed a sensitivity analysis to quantify the effect of the food exposure,
gg these results are included in S| Figures 5-7.
54 C
55 ng ] ( DW >

E [— =TDI 10 8+=———-02
56 *PPEAS |keg - day PFAS Cinax,EFSA,DW
57
58 Equation 5
59
60
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All these different PFAS exposures were modelled separately using the EESA PBP!
model, to find the influence of different drinking water concentrations on the serum PFAS
concentrations over someone’s lifetime. The average serum concentrations during the ages
relevant for each endpoint were subsequently related to odds ratios for adverse endpoints
using dose response relationships (DRRs, see Table 1). Critical known endpoints associated
with PFAS that could be related to a DALY number were included in the study, namely
hypertension, kidney cancer, testicular cancer and hypothyroidism in females. Suitable DRRs
between serum PFAS concentrations and odds ratios (OR) for these endpoints had already
been evaluated and identified in previous literature.'”:'® Serum PFOS concentrations resulting
from the current Cpy were always below the serum PFOS concentrations at the EFSA-
recommended Cpy (see Figure 4b). For that reason, the quantification focused on endpoints
associated with PFOA. However, for hypothyroidism in females, a DRR with PFOS was
included as well. When necessary, PFAS serum and plasma concentrations were assumed to
be equal, which is in accordance with measured data.3?

Table 1: Dose response relationships, all have been used in previous literature for similar purposes and
evaluated for their suitability.’”.19 Crer is the reference serum concentration for the corresponding DRR; N/A: not
applicable.

Endpoint DRR, Cpras: serum | a, 6 (95 % CI) Cref Original
conc. in ng/mL (ng/mL | source
)
Hypertension OR =810g9(Cpron) +a |a = -0.0045 (-0.542-| N/A 19,33
0.413)
6 =2.412(1.183-4.035)
Kidney cancer | OR = 1 + a(Cproa- | a=0.16 (0.03-0.3) 0.1 34
Crer)/10
Testicular OR = 1 + a(Cproa- | @ =0.03(0.02-0.04) 0.1 34
cancer Crer)/10
Hypothyroidis ORproa =|a=7.42(1.14-48.12) 1 35
m in females IN(Cproa/Cref)a 6 =3.02 (1.14-8.07)
ORpros =
In(CPFOS/Cref)A6

Equation 6 was used to relate a DALY number to the odds ratio at the determined
serum concentrations. Here, DALY curentrarget iS the number of DALY's per 108 people per year
from a certain endpoint, due to the current or target PFAS exposure, respectively, which is the
commonly used unit for comparing health effects in DALYs.3¢ The OR serves as a proxy for
relative risk (RR). Since the prevalence of all endpoints except hypertension is (well) below
10 %, this approximation is appropriate.'® For hypertension, the OR was converted to an RR
using prevalence data, as described in literature.'” | is the incidence rate of the disease in the
relevant population (number of cases per year per person), and P is the number of people that
fit within that relevant population for a total population of 10°. To estimate P, the age and sex
distribution of the Dutch population in 2024 was used.?” W is the DALY weight, in nr. of DALY's
per case. Selected values of I, P and W for each endpoint can be found in Sl Table 6 and
supplementary methods file 3.771937-42 We then estimated the change in DALYs gained by
installing water treatment to meet the EFSA limit using Equation 7, where DALY peas, Target iS
the number of DALYSs lost at the PFAS exposure with the targeted Cpw and DALY peas, current IS
that with the current Cpy.

1
DALY, =1- P
Current/Target ( ORCurrent/Target )

Equation 6
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" ADALY DALYs 1 _ a1y DALY 001 10,1039 DEMO02508
. gained 106 people - year - PFAS, Current — PFAS,Target

6 Equation 7
7 In addition to the aforementioned endpoints, infections with Haemophilus influenza
8 type b (Hib), tetanus and diphtheria were included. Even though no dose response relationship
? with PFAS serum concentrations could be found for these diseases, the original EFSA TWI
10 . L . .

1 was based on a reduced antibody response after vaccination against these diseases. It should
12 be noted that the EFSA TWI approach is based on the precautionary principle, as it does not
13 quantify a disease burden. The original study by Abraham et al. (2020)'? only found an
14 association between PFOA and a reduced antibody response, and it did not find an
15¢ association with actual infections. Nonetheless, since EFSA concluded that a reduced immune
165 response is the most sensitive endpoint related to PFAS exposure'', we developed a

screening-level assessment to estimate DALYs associated with these infectious diseases in
the Netherlands. Using data from the national immunisation programme in the Netherlands*3,
the total DALY from Hib, tetanus and diphtheria per 108 people in 2022 totalled 24 (95% CI:
23-26). Since the lack of a DRR made it impossible to relate this to PFAS, we included the
whole range, i.e. we assumed that 0 % (low) to 100 % (high) of the cases were due to a
reduced immune response because of PFAS exposure. We applied a factor 0.2 to correct for
the targeted 20 % contribution of drinking water to total PFAS exposure (note that this implicitly
assumes a linear DRR).

Results and discussion

Estimation of DALYs from GAC treatment

The average operational time of the second stage GAC filters at Waternet’s Leiduin site in
2024 was 428 days, corresponding to a reactivation frequency of 0.85 year'. The linear
regression fit relating PFAS (as },3PEQ) breakthrough to the operational time of the GAC
filters had a slope of 2.05-10-3 + 1.05-10* day-' (R? = 0.88; Equation 2, see Sl Figure 2). The
average raw water concentration at Leiduin in 2024 was 22 + 2.6 ng PEQ/L, so the maximum
breakthrough to stay below 4.4 ng PEQ/L was 20 %. These combined results led to a
maximum time to replacement of 199 + 26 days, i.e. a replacement frequency of 1.8 year' (95
% Cl: 1.6-2.1 year). This reactivation frequency corresponds to a requirement of 2.0 million
kg GAC per year (95 % CI: 1.8 million — 2.3 million), of which 87.5 % is reactivated and 12.5
% is virgin GAC.

Implementing the currently used (in 2024) amount of GAC in the LCA model resulted
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4 in a total DALY cost of 270, 250, 256 and 247 DALYs/10° p/year for single-use coal,
45 reactivated coal, single-use wood and reactivated wood GAC, respectively. Since the purpose
46 of the LCA was to compare DALY impacts between the reactivation scenarios, the model only
47 considered the GAC treatment step, so these numbers do not represent the full water
jg treatment process. Approximately 60 % of these losses were part of the ‘Water Consumption,
50 Human Health’ output for all GAC types, i.e. human health impact due to limited availability of
51 freshwater and its impact on food production and nutrition. However, as the main output of the
52 modelled process is drinking water itself, water withdrawal effects on food production and
53 nutrition are not considered relevant to the analysis. Additionally, because the water use is the
54 same across the different reactivation scenarios, this high DALY estimation did not affect the
55 estimated loss of human health due to increased GAC reactivation. When ignoring the water
26 consumption, the current health impacts were roughly equally related to global warming,
57 . o : . g, .
58 particulate matter emissions, and carcinogenic toxicity for all types of GAC, together making
59 up > 90 % of the total health impact, see S| Table 7.

60
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For the increased reactivation frequency scenario, the health impact increased.to/2985 1%

(292-306), 254 (253-255), 268 (266-271) and 247.9 (247.7-248.2) DALYs/10° p/year. To
facilitate tracking of the calculations, these values are reported with more significant digits than
would be justified by the level of certainty. These health impacts again related mostly to water
consumption, but excluding that, global warming, particulate matter emissions, and the
release of carcinogenic substances each had a contribution of approximately 30 % for all GAC
types (S| Table 7). For all current and prospective scenarios, the human health impact was
highest for single-use coal GAC, followed by single-use wood GAC, reactivated coal GAC and
reactivated wood GAC. Figure 3a shows the estimated health loss in DALYs/10¢ p/year
between the current scenario and the scenario with a higher GAC reactivation frequency, for
the different types of GAC. Here, the reactivated wood GAC, corresponding to a health loss
of 1.1 (0.9-1.4) DALYs/108 p/year, represents the current situation best, since this is the type
of GAC used at the Leiduin site. This scenario also has the lowest impact on human health
compared to the other types of GAC: single-use coal, reactivated coal and single-use wood
GAC corresponded to a health loss of 28 (23-36), 4.2 (3.3-5.4) and 12 (10-16) DALYs/108
p/year, respectively.

For all scenarios, the total loss of human health because of the increased GAC
reactivation frequency was mostly caused by effects related to global warming and to fine
particulate matter emissions. Together, these always made up >80% of the total health loss,
with roughly equal contributions for both, as shown in Table 2. Potential human health effects
caused by the release of toxic substances, both carcinogenic and non-carcinogenic, were
responsible for the remainder of the health loss. All these individual contributors to the health
losses followed the same trend as the total health losses, i.e. single-use coal > single-use
wood > reactivated coal > reactivated wood GAC.

For single-use coal and wood GAC, most of the health impacts resulting from an
increased replacement frequency are associated with fresh GAC inputs and waste
management. Specifically, approximately 70% and 40% of DALY losses are due to GAC
inputs for coal- and wood-based GAC, respectively, and 20% and 50% DALY losses are due
to waste management. In the case of both wood-based and coal-based reactivated GAC, the
major contributors to DALY losses are the inputs of fresh GAC (approximately 60%) and
reactivated GAC (approximately 40%). For wood-based GAC, electricity use is the largest
contributor (94 %) to the total DALY losses associated with the reactivation process.
Conversely, transportation of fresh, spent and/or reactivated GAC only has a minimum
contribution of < 2% in all scenarios. This is consistent with the specific context of the Leiduin
plant, where GAC and waste management facilities are located nearby. Nevertheless, other
studies that account for much longer transportation distances also conclude that transport has
minor contributions.?223

Table 2: ADALYs/108 p/year lost due to the increased GAC reactivation frequency to remove PFAS in drinking
water down to a concentration of 4.4 ng PEQ/L. Only causes contributing at least 1 % to the total number are
shown. Ranges are the min-max, based on the 95 % CI over the required reactivation frequency. For the absolute
numbers, rather than the difference between the current and prospective scenario, see S| Table 7.

Wood-based GAC Coal-based GAC

Cause : : : =

single-use reactivated single-use reactivated
Global warming 44 (3.4-58) 0.48(0.38-0.61) 11 (8.4-14) 1.8 (1.4-2.3)
Fine particulate 6.2 (5.3-7.4) 0.44 (0.35-0.56) 13 (11-16) 1.9 (1.5-2.4)
matter formation
Human 1.2 (0.9-1.6) 0.06 (0.05-0.07) 2.2 (1.7-2.9) 0.20 (0.16-0.26)
carcinogenic
toxicity

11
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Human non- 0.48 (0.31-0.71)  0.10 (0.08-0.13) 2.5(1.9-3.3)  0.39,(0.31:0.50)
carcinogenic
toxicity
Total 12 (10-16) 1.1 (0.86-1.4) 28 (23-36) 4.2 (3.3-5.4)
a) b)
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Figure 3: a) DALYs lost due to the increased GAC reactivation frequency. Error bars represent the 95 % CI of the
required reactivation frequency. The shaded region represents the estimated range of total (from all endpoints)
DALYs gained by lowering the PFAS drinking water concentrations, also shown in b) DALYs gained by removing
PFAS from drinking water down to the EFSA-recommended concentrations. Error bars represent the uncertainty
(min-max) due to the variability in the current drinking water concentrations as well as the dose response
relationships used to relate PFAS serum concentration to an OR. Note that when this range goes down to 0, it is
represented as 102 in the log-scaled plot. For the three infectious diseases 43, the error bar represents the
uncertainty due to the assumed relationship with PFAS (0-100% of disease occurrence due to lower immune
function from PFAS exposure), and no best estimate is given.

Estimation of DALYs from PFAS exposure via drinking water

In 2024, the mean PFOA, PFOS and PFHXS concentrations in the Leiduin drinking water were
5.5+ 0.56, 0.97 £ 0.20 and 1.4 + 0.17 ng/L, respectively. PFNA was left out of the analysis,
because its concentrations were always < LOQ. PFOS once had a concentration < LOQ (0.2
ng/L), which was set to the LOQ, because the other sample on that date had a concentration
slightly above the LOQ (0.23 ng/L). Otherwise, all concentration data of these compounds
were > LOQ. From the linear regression fits on PFOA, PFOS and PFHxS, a reactivation
frequency of 1.8 year! would lead to drinking water concentrations of 1.9, 0.28 and 0.40 ng/L,
respectively (see Methods — Estimation of DALYs from PFAS exposure via drinking water).
These concentrations were thus used as ‘target concentrations’ at the increased reactivation
frequency.

12
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Figure 4: a) PFOA and b) PFOS serum concentrations over someone’s lifetime, when drinking water is treated to
the EFSA-recommended concentration values, versus when drinking water is kept at the current concentrations,
modelled using the EFSA PBPK method. The inserts show the concentrations after age 18. Note that the PFOS
concentration is in fact a summed concentration of PFOS and PFHxS. The legend applies to both subplots. DW =
drinking water; EFSA = European Food Safety Authority; TDI = tolerable daily intake; Cl = confidence interval.

Figure 4 shows the projected PFOA and PFOS serum concentrations over someone’s lifetime
for the different drinking water concentrations (Cpw). These adult concentrations are all in the
same range as median serum concentrations measured in the populations of various
European countries.** However, a study that measured Y EFSA, concentrations in plasma of
exclusively breastfed Dutch infants at age 3 months found >2-times lower concentrations than
found using the PBPK model at the current drinking water concentrations from Leiduin (SI
Table 8).#° This might indicate that the PBPK model overestimates the bioaccumulation of
PFAS, or that the exposure via food is overestimated. When using the lower bound of the most
recently estimated dietary exposure of the Dutch population instead, the measured Y EFSA,
plasma concentrations fall within the range of the modelled concentrations, indicating that this
scenario might be more realistic than that with the EFSA-recommended exposure. Another
possible explanation for this discrepancy is that drinking water concentrations in the
Amsterdam region are higher than in other regions in the Netherlands that produce drinking
water from groundwater instead of dune-infiltrated surface water '3.

S| Table 9 further shows the modelled plasma concentrations at ages relevant for
EFSA’s derivation of their TWI guideline, indicating that plasma concentrations of  EFSA,
remain below or within 1 % of the EFSA-recommended values for all scenarios with more
frequent GAC reactivation. For PFOA, modelled serum concentrations are similar for the
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2

3 scenarios with the target Cpw and with the Cpy calculated directly from theDg‘FﬁﬁS;fm;‘jgogg‘gg
4 Conversely, at the current Cpy, modelled serum PFOA concentrations are considerably higher
Z and exceed the recommended values. For PFOS, modelled serum concentrations are already
7 below the EFSA-recommended value at the current Cpy, but decrease even further at the
8 target concentrations.

9 Relating these modelled serum concentrations to health impacts from the four
10 endpoints in Table 1 resulted in 146 (min-max: 13.9-156) DALY lost per 106 people per year
1 for the scenario with the current PFAS concentration in drinking water. This is in the same
g range as the PFAS-associated DALY cost per 108 p in 2021 found by Plass et al. for Belgium
14 (380; 30-723)."° In comparison, the DALY cost decreased to 33 (min-max 5.2-48) or 35 (min-
15%’ max 6.2-47) DALYs/108 p/year for the exposure scenarios with the targeted or the EFSA-
162 recommended Cpyw, respectively. These relatively high DALY numbers demonstrate the

substantial public health risks associated with PFAS.

Figure 3b shows the estimated change in DALYs/108 p/year between the current
scenario and the scenario with lower PFAS concentrations in drinking water. In absolute
numbers, hypertension contributes most to the gain in human health achieved by lower PFAS
exposure via drinking water (120 DALYs/108 p/year, min-max 0-240). However, the
uncertainty ranges down to zero and the result depends largely on the exposure via food (see
also Sl Figures 5 and 6). In comparison, kidney cancer and hypothyroidism have a less
uncertain contribution of 23 (min-max 3.8-46) and 13 (min-max 4.3-14) DALYs/108 p/year,
respectively, which is also less dependent on the dietary exposure. Testicular cancer
contributes little to the DALY gain (0.15 DALYs/108 p/year; min-max 0.13-0.18).

The final endpoint, reduced immune response after vaccination against Hib, tetanus
and diphtheria, was the basis of the EFSA-derived TDI that was used by the RIVM to calculate
the 4.4 ng PEQ/L drinking water guideline.’'2 In the Netherlands, infections with Hib, tetanus
and diphtheria were associated with 4.9 (95 % CI: 4.6-5.3) DALYs/108 p/year. Note that the
only relationship with PFAS included in this number is a 20 % contribution of drinking water to
total PFAS exposure. Since no relationship between PFAS exposure and infections has been
shown'?, the actual loss of DALY via these endpoints due to PFAS is probably closer to zero.
If all occurrence of these infections could be attributed to a lower immune response due to
PFAS exposure, the drinking water-associated DALY cost would at most be around 5
DALYs/108 p/year.

Comparison of DALYs lost from GAC treatment and gained from lower PFAS exposure

Altogether, the lower PFAS concentrations in drinking water lead to a gain in human health of
150 (min-max: 8.3-300) DALYs/108 p/year via all the endpoints investigated. In comparison,
the increased GAC reactivation frequency leads to a loss in human health of 1.1 (0.9-1.4)
DALYs/108 p/year, when using reactivated wood-based GAC. These results are illustrated in
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45

46 Figure 3. The minimum estimate of the gain due to lower PFAS exposure is over five times
47 higher than the maximum estimate of the health loss associated with GAC reactivation. Since
48 reactivated wood GAC is used at the Leiduin drinking water treatment plant, increasing the
49 GAC reactivation frequency there is thus likely to result in a net health gain of at least 6.9
g? DALYs/108 p/year, up to even 300 DALYs/108 p/year. This conclusion of a significant net
52 health gain is also valid for the use of reactivated coal-based GAC, which is not currently used
53 by the Leiduin drinking water plant of Waternet, but is used at another production plant of
54 Waternet.

55 However, in the hypothetical scenario where single-use GAC is applied for the removal
56 of PFAS, this conclusion changes. For single-use coal-based GAC, the DALY loss of 28 (23-
U 36) DALYs/108 p/year is already in the same range as the total DALY gain. Since the total
gg DALY gain is dominated by hypertension, which (as described above) is highly dependent on
60 the PFAS exposure via food, the upper limit of this range is probably an overestimation. When
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excluding hypertension from the total, the estimate becomes 36 (8.3-65) DALYs/108 p/yedr, s iu»

MO00238A

which is similar to the estimated DALY loss. Therefore, these results indicate that applying
single-use coal-based GAC for the removal of PFAS from drinking water is unlikely to result
in a significant net health gain.

When considering only the hypothetical DALY cost of PFAS in drinking water related
to infections from Hib, tetanus, and diphtheria - the basis for the RIVM 4.4 ng PEQ/L guideline
—itis equally impossible to quantify a net health benefit. When allocating all DALYs associated
with these diseases to PFAS, and assuming a 20 % contribution of drinking water to total
PFAS exposure, the associated health cost is at most 5 DALYs/108 p/year. This number is
probably a significant overestimation: PFAS exposure was only linked to a decreased immune
response after vaccination, not to actual infections', so allocating all DALYs to PFAS is
unrealistic. Therefore, the real health gain is probably closer to or below the 1.1 DALYs/10¢
p/year health loss from the treatment impacts. These results indicate that other preventative
strategies targeting these specific infectious diseases, such as increasing vaccination
frequency, may be more effective to protect human health. Nonetheless, it should be noted
that the EFSA TWI and following 4.4 ng PEQ/L guideline were established as precaution, to
broadly protect against (immune) effects, which has merit given the high uncertainty
associated with disease burden estimations.

Identification of uncertainty sources and knowledge gaps for future research

It should be acknowledged that the results presented above are subject to numerous sources
of uncertainty. Stochastic uncertainties from the variability in the used data have been included
as much as possible in our estimations of the min-max ranges in DALYs. However, key other
sources of uncertainty remain, the most notable of which are discussed below (see S| Table
10 for all identified uncertainties). We classify these uncertainties as either indeterminate
(related to uncertainties in future decision-making), epistemic (related to a lack of knowledge)
or ambiguous (related to different moral frameworks for interpreting risk).#¢ These
uncertainties should be addressed in further research to establish a greater degree of
accuracy in the estimation of human health impacts.

An important source of indeterminate uncertainty in the estimation of DALYs lost by
increasing the GAC reactivation frequency relates to the determination of the required
reactivation frequency to reach the treatment guidelines. Currently, this is based on a linear
regression model which assumes that breakthrough only depends on the GAC reactivation
frequency, since this is the method actually used at Waternet for these types of
determinations. In reality, the required reactivation frequency will also depend on the future
raw water PFAS concentrations, which will be affected by the future PFAS discharge into the
surface water used for drinking water production. Since PFAS regulations are becoming
increasingly strict, raw water concentrations may decrease in the future, leading to different
breakthrough curves and different reactivation requirements. On the other hand, potential
future drinking water concentration limits for ultra-short chain PFAS, such as trifluoroacetic
acid (TFA), would lead to even more resource-intensive reverse osmosis treatment becoming
necessary.

Further, our assumption that breakthrough behaviour is identical in all types of GAC is
a source of epistemic uncertainty. As explained in the methods section, coal-based GAC may
outperform wood-based GAC?%27, leading to lower reactivation frequencies being necessary
to achieve the same PFAS removal. Therefore, the health costs estimated for the coal-based
GAC scenarios are probably minor overestimations, because a lower yearly GAC use may
suffice. Another source of epistemic uncertainty is the fact that an increased GAC reactivation
frequency may result in additional health gains via increased removal of non-PFAS pollutants.
Compared to the effect of changes in raw water composition or regulation, we expect these
uncertainty sources to be relatively minor.

15


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5em00238a

Page 17 of 24

oNOYTULT D WN =

& D D~ PpanAcsessAgticls Rbligheshon2&anil 2025 awnioades R 2Q25:65:35 07:08:58.
wm SR afficidisreded uriter € CRative Sorfindis }ﬂtrﬁﬁuﬁb‘ngoﬂn&rtﬁﬂ

S bDA D DD
O 00 NO U b

(S BN C, BNV, RO, RO, BV, BV, RV, |
NoubhwN-=0

o L1
o O

Environmental Science: Processes & Impacts

The main source of uncertainty in the estimation of DALYs gained by |ower, PFASS < i

exposure via drinking water relates to our choice of endpoints included in the quantification of
the health benefits. There is still a lot of scientific debate about which endpoints to include in
risk assessment for PFAS, so this uncertainty is partly epistemic and partly ambiguous. While
the DRRs included in this study have all been used previously for the purpose of estimating
PFAS-associated disease burdens'”:'°, kidney cancer, testicular cancer, hypothyroidism, and
hypertension were not used by EFSA to derive their TWI. In fact, EFSA concluded in their
most recent publications (from 2018 and 2020) that there is insufficient evidence to link
hypothyroidism and carcinogenicity to PFAS.""47 Conversely, the Australian National Health
and Medical Research Council (NHMRC) recently (in 2024) derived a PFOA guideline value
of 200 ng/L in drinking water, based on carcinogenicity.® Similarly, the NHMRC derived
guideline concentrations of 30 ng/L and 1000 ng/L for PFHxS and PFBS, respectively, both
based on thyroid effects. These extreme differences between calculated ‘safe’ concentrations
illustrate the significant effect of the choice of endpoint, and also indicate differing moral
perspectives on what is ‘safe’. In- or excluding different PFAS-associated endpoints in the
calculation of the total DALY gain will thus significantly impact the result. Further research is
needed to identify the most relevant PFAS-associated endpoints and to establish reliable
DRRs for those endpoints.

Further sources of epistemic uncertainty relate to the used DRRs, the extrapolation of
the DRRs to the population from Amsterdam, the allocation of DALY weights to PFAS-related
endpoints, and the use of averaged serum concentrations. Exact DRRs between PFAS
exposure and specific health outcomes remain uncertain for many PFAS compounds, so
reproducing and refining the currently available DRRs is a fruitful area for further work.
Variations in baseline disease rates, co-exposures, and health conditions can affect health
outcomes across different populations'#, so a DRR that is valid in one population may not be
valid in another. There is limited epidemiological data on the severity and long-term impact of
PFAS-related conditions, and it is currently unknown if or to what extent PFAS-related
endpoints differ in severity from the reference endpoint. Finally, we used an average serum
concentration in both scenarios, instead of a distribution across the population due to varying
dietary exposure, which likely impacted the results. While important, these four sources of
uncertainty are expected to have a smaller effect on the determined range of DALY's gained
than the choice of which endpoints to include.

Comparing drinking water treatment with other interventions to protect human health

Compared to intensified drinking water treatment, other interventions that limit PFAS exposure
may have a higher net health benefit. For example, phasing out all non-essential uses of PFAS
is not expected to have any negative secondary health impacts, but will lead to a decreased
exposure via multiple routes. Since the phase-out of PFOS and PFOA, concentrations of these
chemicals in human blood have declined considerably*®, indicating that phase-out is a
successful strategy to prevent human exposure. Source control, to prevent contamination of
raw water sources used for drinking water production, is another important strategy. The
resource intensity (energy, sorbents, chemicals, etc.) per mass of PFAS removed is lower at
high PFAS concentrations®, so treating PFAS-rich waste streams before they enter the
environment is more resource-efficient than treating drinking water.

Additionally, for the majority of people, diet is a larger source of PFAS exposure than
drinking water.'3315152 For example, it has been estimated that eating one serving of
freshwater fish from the USA is equivalent to consuming one month of drinking water
containing 48 ng PFOS /L%, i.e. 96 ng PEQ/L"S, which is over 20 times higher than the 4.4 ng
PEQ/L guideline. Therefore, issuing recommendations to limit the consumption of foodstuffs
rich in PFAS is also likely to have a higher net benefit than removing PFAS from drinking water
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that already has relatively low PFAS concentrations. Our results also depended hegvily, oiithie s >3

intake of PFAS via food, so decreasing this exposure route may also enable more accurate
estimations of the effect of lower PFAS concentrations in drinking water on human health.

Finally, it is important to consider that intensified drinking water treatment has a
monetary cost as well, in addition to an indirect health cost. Spending this money on other
interventions may achieve a higher net health benefit than introducing advanced drinking
water treatment to remove PFAS. Such other health interventions can also be unrelated to
PFAS, e.g. replacement of lead pipes, improving vaccination schemes, reducing air pollution
from traffic, industry and agriculture, and more. Which health intervention has the largest net
benefit will probably differ per location and population, and policy makers may need to
consider prioritizing the most cost-effective interventions.

Conclusion

The developed methodology enabled a comparison of the health costs and benefits
associated with removing PFAS from drinking water using granular activated carbon, which
can support the development of future regulations. The results indicate that while the
increased reactivation frequency introduces some health trade-offs, the use of reactivated
GAC to achieve PFAS concentrations below 4.4 ng PEQ/L in drinking water is expected to
result in a net positive impact on human health. Conversely, when single-use GAC is used
instead, a net benefit is not necessarily achieved. Altogether, the health losses from more
frequent GAC reactivation are considerable, and should be taken into account when designing
a drinking water treatment system for PFAS. The generalisability of these results is subject to
important limitations. We used data from one specific drinking water treatment plant where
GAC filtration was already in place, combined with health data specific for the Dutch
population. Hence, these conclusions highly depend on the specific PFAS levels in this raw
water, the breakthrough behaviour of these PFAS, and population-specific variables.
Additionally, as outlined above, key sources of uncertainty remain, which should be addressed
in further research.

Addressing these identified uncertainties requires a multidisciplinary approach that
integrates risk assessment, toxicology and water treatment expertise. Further research should
prioritize the identification of which endpoints to include for PFAS risk assessment, and
establish reliable DRRs to relate PFAS serum concentrations to the occurrence of those
endpoints. However, to tackle indeterminate uncertainties and ambiguity, merely gathering
more knowledge will not suffice. In line with responsible innovation, addressing these
uncertainties requires engaging with stakeholders, including policymakers, scientists, and the
public, to ensure that scientific and policy advances align with societal perspectives, promoting
transparency in decision-making and an adaptive regulatory approach.46

Despite the limitations, the methodology developed here may be applied to other
scenarios globally, to verify the benefits of PFAS treatment in drinking water production. The
4.4 ng PEQ/L limit that was used throughout this study was set to prevent any effect of PFAS
from drinking water, without quantifying the severity of the risk. This reasoning is common for
chemicals, but complicates the quantification of health impacts. Using pharmacokinetic
modelling to translate drinking water concentrations to serum levels, which are linked to
adverse endpoints with DRRs, enables risk-based health assessments to guide the
determination of drinking water targets. Combining these results with LCA modelling to
determine the treatment impact is an important step towards estimating the net health impact
of PFAS treatment, as shown in this study.

Altogether, PFAS limits in drinking water may need to be determined on a case by case
basis, that considers the current concentration levels in addition to the secondary impact of
the required treatment technologies. When drinking water is produced from a highly PFAS-
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1

2

2 .contaminated source, installing advanced jtreatment technologies. will almost ceggjqéxoggggg e
p in a net health benefit. On the other hand, if the PFAS concentrations are only slightly above
6 the 4.4 ng PEQJ/L limit, or equivalent limits in other countries, the impacts of the technology
7 may outweigh the health benefits obtained by removing PFAS. This dilemma also has an
8 ethical dimension, as health gains by removing PFAS are local, whereas health losses due to
9 GAC reactivation are partly global. Additionally, there are other environmental and societal
10 costs related to PFAS exposure and removal that should be considered for decision making.
11

12
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Data availability statement

Historical PFAS concentrations in raw water and after GAC filtration, used in the linear
regression on GAC breakthrough, are not made available for confidentiality reasons. All
other data supporting this article have been included as part of the Supplementary
Information files.
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