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• Comparison of remediation techniques for
managing a PFAS contaminated site

• Probabilistic cost-benefit analysis to eval-
uate PFAS remediation alternatives

• PFAS in the environment is associated
with high costs of inaction to society.

• Simulation of different annual avoided
cost of inaction to find breakeven points

• Ex-situ S/S of hotspot and stabilization of
rest of site highest ranked alternative
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Contamination of soil and water systems by per- and polyfluoroalkyl substances (PFAS) due to uncontrolled use of
aqueous film-forming foams (AFFFs) at firefighting training sites at civilian and military airports is a universal issue
and can lead to significant human health and environmental impacts. Remediation of these sites is often complex
but necessary to alleviate the PFAS burden and minimise the risks of exposure by eliminating the hotspot/source
fromwhich the PFAS spreads. This study presents a probabilistic cost-benefit analysis (CBA) for evaluating PFAS reme-
diation alternatives, which includes monetisation of both direct costs and benefits as well as externalities. Themethod
is applied for a case study to comparefive remediation alternatives for managing PFAS contaminated soil at Stockholm
ArlandaAirport in Sweden. The social profitability, or the net present value (NPV), of each remediation alternativewas
calculated in comparison to two reference alternatives – ‘total excavation’ of the site (Alt 0) or ‘do nothing’. Sensitivity
analyses and model scenarios were tested to account for uncertainties, including small or large PFAS spreading and
simulating different values for themagnitude of annual avoided cost of inaction (i.e., aggregate benefit) from PFAS re-
mediation. In comparison to total excavation, four of the five studied remediation alternatives resulted in a positive
mean NPV. Excavation and stabilization/solidification of the hotspot on-site combined with stabilization using acti-
vated carbon for the rest of site (Alt 2) had the highest NPV for both spreading scenarios, i.e., Alt 2 was the most so-
cially profitable alternative. Simulations of the annual avoided cost of inaction enabled estimation of the breakeven
point at which a remediation alternative becomes socially profitable (NPV > 0) compared to ‘do nothing’. Alt 2 had
the lowest breakeven point: 7.5 and 5.75 millions of SEK/year for large and small spreading, respectively.
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1. Introduction

Ubiquitous contamination of per- and polyfluoroalkyl substances
(PFAS) in environmental media has become a critical global issue in recent
years because of their persistent, bioaccumulative, highly mobile and toxic
nature (ITRC, 2020a, 2020b; Wang et al., 2019). One major source of PFAS
contamination is the legacy usage of PFAS-containing aqueous film-
forming foams (AFFF) in firefighting operations, which has been used
since at least the 1960s and gradually phased out by 2011 across Europe
(Ahrens et al., 2015; Goldenman et al., 2019). The repeated use and uncon-
trolled release of AFFFs during firefighting has contaminated the local envi-
ronment with PFAS chemicals, and firefighting training sites at airports,
military facilities, etc. have been highlighted as major point sources
(hotspots) of PFAS contamination (Ahrens et al., 2015; Cousins et al.,
2016; Goldenman et al., 2019). AFFF sites have been linked to adverse
health effects in local populations in recent epidemiological studies,
e.g., (Xu et al., 2022).

Environmental fate and transport of PFAS can vary depending on their
physicochemical properties as well as environmental conditions but, in gen-
eral, short-chain PFAS are potentially more water soluble andmobile while
long-chain PFAS tend to sorb more strongly to soil particles and can accu-
mulate in the food chain (Ahrens et al., 2015; ITRC, 2020b). Primary expo-
sure pathways relevant for human health risks from PFAS contamination
are linked to intake of contaminated food or contaminated drinking
water, which may result from elevated PFAS concentrations in groundwa-
ter (Cousins et al., 2016; Ojo et al., 2021). Treating PFAS contaminated
drinking water is therefore a primary concern; however, the soil in hotspot
areas such as at airports can retain PFAS and release it over a long period of
time. This can result in subsequent leaching into groundwater, spreading to
adjacent surface water and contamination of drinking water sources, which
can cause significant harm to both human health and the environment
(Cousins et al., 2016; Fenton et al., 2021; Gobelius et al., 2017;
Rosenqvist et al., 2017; Sörengård et al., 2021). Indeed, the costs of inaction
to society for not managing PFAS contamination in the environment are es-
timated to be as much as €2.1–2.4 billion annually in the Nordic countries
alone, due to health impact-related costs from PFAS-contaminated drinking
water (Goldenman et al., 2019). It is therefore important to alsomanage the
hotspots of PFAS soil contamination effectively; for the longer the PFAS
contamination remains in the environment without remediation, the
wider it will spread and the greater the quantity of soil, groundwater and
other drinking water sources that will need be treated (Goldenman et al.,
2019).

PFAS exposure has been definitively linked to multiple detrimental
health effects to humans, including different types of cancer, osteoporosis,
liver damage, decreased fertility and increased risk of asthma, reduced im-
mune response and endocrine disruption (ATSDR, 2021; Ojo et al., 2021;
Wang et al., 2019; Xu et al., 2022). While there are still uncertainties due
to a lack of data, PFAS exposure has also been shown to have toxic effects
on aquatic animal species and is linked to endocrine disruption and im-
paired thyroid function, impaired immune responses, metabolism and re-
production disruption (Birgersson et al., 2021; Lee et al., 2020; Ojo et al.,
2021;Wang et al., 2019), aswell as a reduction in soil bacterial biodiversity
(Cao et al., 2022). It is now clear that PFAS contamination is poorly revers-
ible, ubiquitous in the environment, and the social costs of inaction are and
will continue to be high (Goldenman et al., 2019). Remediation of PFAS
contaminated sites, therefore, is crucial to mitigate the risks from PFAS ex-
posure to both humans and ecosystems by managing the source of PFAS
contamination in soil and/or spreading and exposure pathways. However,
in some cases the site-specific costs of PFAS remediationmay exceed the ex-
pected benefits gained from the remedial action at a particular site which
warrants careful consideration when spending limited resources.

In addition, remediation is not inherently sustainable (Bardos et al.,
2020; Rosén et al., 2015; Söderqvist et al., 2015) and selecting a remedia-
tion alternative to manage the risks posed by the PFAS contamination can
be difficult for decision-makers due to the associated costs and
e.g., potential impacts on provisioning of ecosystem services. Cost-benefit
2

analysis (CBA) is a decision-support tool that relies on welfare economics
for expressing positive (benefits) and negative (costs) effects on human
well-being including both financial costs and benefits as well as positive
and negative externalities (i.e., positive or negative effects on health and
the environment in terms of provisioning of ecosystem services, carbon
emissions, noise, traffic etc.). Using monetary units makes it possible to
weigh the costs of a remedial action against associated benefits over a cer-
tain time horizon and in relation to a reference alternative. A positive net
sum of discounted costs and benefits means that the remedial action entails
a social profitability, whereas a negative net sum indicates social loss
(Johansson and Kriström, 2018; Rosén et al., 2015; Söderqvist et al.,
2015). CBA has been highlighted as a decision-support method with great
potential for incorporating sustainability measures in an understandable,
easy-to-use approach and account for the value of restoring or preserving
soil functionality and ecosystem services (ES) (Onwubuya et al., 2009). Ad-
ditionally, economic valuation of ES contributes to the decision-making
process by integrating ES into decision-support and engaging potentially re-
sponsible parties to participate in both the remediation process and funding
of risk mitigationmeasures (Harwell et al., 2021). The novelty of this study
lies in its systematic approach to evaluating feasible techniques for
remediating PFAS in soil, according to prevailing literature, and estimating
the economic impacts of each alternative while also including impacts to
the environment and taking uncertainties into account. To our knowledge,
applying a probabilistic CBA methodology for evaluating and comparing
PFAS remediation alternatives is unique. Given the scale of PFAS contami-
nation and society's limited resources, demonstrating the use of CBA in a
case study for a specific site also provides a valuable contribution by
supporting decision-makers to cost-effectively and sustainably remediate
a PFAS contaminated site.

The aim of this study is to further develop a methodology for perform-
ing a probabilistic CBA of remediation alternatives for managing PFAS con-
tamination in soil. The CBA is illustrated through practical application to
evaluate five remediation alternatives for managing the risks to human
health and the environment posed by PFAS in the soil at the firefighting
training site of Stockholm Arlanda Airport. The specific objectives are to:
i) develop a probabilistic CBA model for five PFAS remediation alterna-
tives, ii) estimate the costs and benefits of the remediation alternatives
based on literature studies and personal communication with contractors,
and by taking uncertainties in the input variables of the model into consid-
eration; and iii) investigate the sensitivity of the CBAmodel regarding both
parameter and model uncertainty. The CBA is carried out by means of
Monte Carlo simulations and both parameter and model uncertainty are in-
vestigated. The model uncertainty is analysed by creating alternative sce-
narios for: a) choice of reference alternative, b) the social discount rate,
c) two PFAS spreading scenarios, and d) the magnitude of avoided cost of
inaction.

2. Site: Stockholm Arlanda Airport

2.1. Site description

The firefighting training site is situated at Stockholm Arlanda Airport
outside of Stockholm, Sweden, where AFFF-containing PFAS was used
until 2011 (Gobelius et al., 2017).

The geology consists primarily of surface layers of glacial clay underlain
by sandy glacial till which varies between a depth of 1.5–8m below the sur-
face depending on the thickness of the clay (Rosenqvist et al., 2017). The
glacial till is deposited on crystalline metamorphic rock of igneous origin.
To the immediate north and northeast of StockholmArlanda Airport, layers
of sand (glacio-fluvial or beach deposits with silt) have been deposited on
top of the clay layer. The firefighting training site is located within one
such area with a top layer of beach sand and silt, varying between 0.3
and 2 m in thickness, that thins out and disappears altogether closer to
the landing strips southwest of the training site. Filling material of sand
and gravel form the immediate surface layer of 0.5 m in the built area
above the natural geological soil layers. Hydrogeological investigations



P. Drenning et al. Science of the Total Environment 882 (2023) 163664
have determined that there are two distinct aquifers: an unconfined aquifer
in the upper layer of sand and silt above the clay and a confined aquifer in
the sandy glacial till below. The upper aquifer is contaminated with PFAS
and constitutes an important spreading pathway for PFAS off-site to nearby
surface water systems. At the training site, the groundwater depth ranges
between 1.1 and 1.8 m across the site, but the water table is at or near
the surface layer in some areas. It has also been determined that the ground-
water flows in a south-westerly direction, towards a nearby open ditch that
is in hydraulic contact with nearby surface water but away from and not in
contact with the glacio-fluvial sand deposits to the northeast of Stockholm
Arlanda Airport with high hydraulic conductivity (Rosenqvist et al., 2017).

Sampling campaigns at the site have extensively investigated PFAS con-
centrations in soil, sediment, groundwater, surface water and aquatic or-
ganisms. Gobelius et al. (2017) took soil samples at three locations within
500 m of the site in the direction of groundwater flow to a depth 10 cm.
The sum total of the 26 PFAS analysed in the soil samples ranged from 20
to 160 ng g−1 dry weight (dw). Groundwater samples at the same locations
showed concentrations ranging from1200 to 34,000 ng L−1. Amore exten-
sive soil sampling campaign by Rosenqvist et al. (2017) analysed 40 soil
samples and reported even highermaximumvalueswith significant variation
between the different types of PFAS compounds in concentration as well as
spreading distance from the source (see Table S1 and Figs. S1 and S2 in Sup-
plementary Material (SM)). The sum total of the 13 analysed PFAS com-
pounds ranged from 0.63 ng g−1 to 2700 ng g−1 dw. They found that
PFOS (a subset of PFAS compounds) made up 88 % of the PFAS compounds
measured in soil with an average value of 234 ng g−1 dw across the site and
PFHxS, PFHxA and PFOA were the next highest in concentration. An impor-
tant note is the median value of 34 ng g−1 dw, indicating large differences in
measured concentrations closer to the source (the training site hotspot) ver-
sus further downstream away from the immediate source. The depth to
which the soil is contaminated with PFAS varies considerably between the
immediate hotspot and soil layers throughout the rest of the site.

For comparison, preliminary guidelines have been established by the
Swedish Geotechnical Institute (SGI) which provide a soil guideline value
of 20 ng g−1 dw for PFOS for “less sensitive land use,” e.g., industrial use,
and 3 ng g−1 dw for “sensitive land use,” e.g., residences or recreation, to
protect human health and the environment (Pettersson et al., 2015). The
guideline value for groundwater is 45 ng L−1. The tested concentrations
Fig. 1. Forecasted spreading of PFAS contamination in Scenario 1 and 2 based on si
contaminated site.
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in both soil and groundwater greatly exceed the guideline values in many
sampling locations.

2.2. Extent of PFAS contamination at the site

The size of the contaminated area is difficult to estimate, and no reliable
figure could be found in existing reports. In fact, two firefighting training
sites have been noted – a new and an old site – though only the newer
one is included in this analysis (see the marked area H in Fig. 1). A rough
approximation was made using an online mapping tool (Eniro) by delineat-
ing the square area to include the soil sampling points and the firefighting
training site itself (Fig. 1). Remediation of the PFAS soil contamination for
the firefighting training site at Stockholm Arlanda Airport has been sepa-
rated into two components: remediation of the ‘hotspot’ and remediation
of the ‘rest of site’. There are low uncertainties with respect to the size of
the hotspot area at the study site; however, contamination spreading in
the rest of the area is highly uncertain since PFAS are persistent, mobile
and spread widely in both soil and water systems. Therefore, two different
PFAS contamination scenarios were evaluated in this study to account for a
‘small’ and ‘large’ contamination spreading for the rest of the site (Fig. 1).

3. Methods

3.1. Probabilistic CBA modelling

In a CBA, cost and benefit items of remediation alternatives are
monetised in comparison with a reference alternative. The cost and benefit
items are discounted over a time horizon of 120 years using a real social dis-
count rate of 3.5%, as recommended for CBA in Sweden (STA, 2020). Pres-
ent values (PV) for each alternative and the net present value (NPV) are
calculated using as follows (Eqs. (1), (2)) (Söderqvist et al., 2015):

NPV ¼
XN

i¼1

PV Bið Þ−
XM

j¼1

PV Cj
� �

; ð1Þ

PV Bið Þ ¼
XT

t¼0

1
1þ rð Þt Bit andPV C j

� � ¼
XT

j¼0

1
1þ rð Þt Cjt ; ð2Þ
te investigation (Rosenqvist et al., 2017). H is a hotspot area. R is the rest of the



Table 1
The different scenarios for model parameters accounted for in the study. Total area
sizes were considered for two studied scenariosmeasured using Eniromapping tool.
PERT is the PERT-beta distribution, Min is minimum, M-likely is the most likely
value, Max is maximum, ha is hectares.

Scenario analysis Parameters Reference/comment

a) Reference alternative i) Alt 0 – total
excavation
ii) ‘Do nothing’

b) Social discount rate (%) 0, 1.7, 3.5, 5 and 7 % (STA, 2020)
c) Spreading scenarios (PERT dist.):
- Large spreading – total area (ha) Min: 11; Max: 15;

M-likely: 13
(Gobelius et al., 2017;
Rosenqvist et al., 2017)

- Small spreading – total area (ha) Min: 3; Max: 7;
M-likely: 5

d) Annual avoided cost of inaction
(MSEK)

6 simulations: 5,
7.5, 10, 12.5, 15, 25
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where T is the time horizon, r is the social discount rate, and t is the time
when benefits and costs occur for each benefit item (Bi, i = 1…N) and
cost item (Cj, j = 1…M).

The most profitable remediation alternative for society is that with the
highest positive NPV. If all the NPVs are <0, then the remediation alterna-
tive with the lowest negativeNPV results in the least social loss in economic
terms.

The CBA was carried out by adapting the method presented in
Söderqvist et al. (2015) and Volchko et al. (2020), according to the follow-
ing steps:

1. Identification of remediation alternatives, a reference alternative, the so-
cial discount rate and a relevant time horizon associated with the alter-
natives.

2. Identification of costs and benefits associated with each remediation al-
ternative and defining scenarios to account for model uncertainties.

3. Quantification andmonetization of costs and benefits by defining amin-
imum, maximum, and most likely value based on literature studies and
personal contact with contractors and assigning probability distribu-
tions to input variables and cost and benefit items to represent the uncer-
tainties in these input variables.

4. Calculating the NPV and associated uncertainties of each alternative by
using Monte-Carlo simulations and discounting the cost and benefit
items using a social discount rate and a relevant time horizon, simulat-
ing the CBA for the different defined scenarios, and investigating the re-
sults to evaluate the uncertainties in NPVs of the remediation
alternatives and performing sensitivity analyses.

5. Concluding about the social profitability and ranking of remediation al-
ternatives to provide recommendations as decision-support.

The cost and benefit items relevant for CBA in the remediation project
and the methods used to quantify them are presented in the SM (Table S2).

The probabilistic CBA model was set up in MS Excel using the Palisade
add-in software @Risk 8.2 for defining uncertainty distributions for input
variables (Table S3). Monte Carlo simulations were run 10,000 times by re-
peatedly picking random values from the probability distributions of input
variables to calculate theNPVs (Bedford and Cooke, 2001). The probability
of each remediation alternative generating NPV > 0 is calculated using the
RiskTarget feature of @Risk 8.2.

3.2. CBA model: base scenario

A ‘base scenario’ was defined as the default model settings with which
to compare the remediation alternatives. The default parameters for the
base scenario are a discount rate of 3.5 %, time horizon of 120 years
(~4–6 generations), 7.5 MSEK for ‘annual avoided cost of inaction’ (in
the CBA corresponding to the benefit items B2-B3, see Table S2 in SM),
and 20 years for time of risk reduction by phytoextraction. Also, in the
base scenario, the mean NPVs of Alt 1–5 (Table 2) were evaluated in com-
parison to the ‘total excavation’ remediation alternative as a reference, Alt
0, to demonstrate the positive or negative effects of each alternative com-
pared to the conventional remediation technique, which is also the ‘most
likely’ remediation alternative to be first considered for the site if remedia-
tion is mandated.

Alt 0 assumes total excavation of the entire site to a depth just above the
clay layer (0–2.5m), treatment of the hotspot (and backfilling) and disposal
of the material from the rest of site (Table 2). Alt 0 is thus a reference situ-
ation entailing complete risk reduction, which from a duty-based ethical
perspective could be argued as the most correct thing to do for achieving
environmental protection targets and protecting future generations despite
the potentially high costs, environmental impacts or other externalities.
This reference can also represent a ‘business-as-usual’ case for remediation
of contaminated soils by excavation and disposal, which is the most com-
mon remediation technique used in Sweden and many other countries,
and is useful to evaluate against other remediation alternatives to deter-
mine whether they are more socially profitable in comparison. However,
it was modified by employing on-site stabilization/solidification (S/S) ex-
4

situ on-site (hotspot) and ex-situ off-site (rest of site), since disposing of
PFAS-contaminated soil is currently not permitted at disposal sites in
Sweden (SEPA, 2019).

3.3. Parameter and model uncertainties

For investigating the sensitivity of the input variables in the probabilis-
tic CBA model, Spearman rank correlation coefficients were calculated by
@Risk 8.2 (Palisade).

In addition, multiple model ‘scenarios’ were defined to test different
model assumptions and sensitivity of model uncertainties. The following
scenarios were defined and tested: a) choice of reference alternative,
b) the social discount rate, c) two PFAS spreading scenarios, and d) the
magnitude of annual avoided cost of inaction. The various scenarios and
how theywere simulated to account for uncertainties in themodel are sum-
marized in Table 1.

3.3.1. Reference alternative
Moral and legal obligations to remediate PFAS contamination suggest

that a ‘do nothing’ option is untenable, but nevertheless is a common refer-
ence (Söderqvist et al., 2015; Volchko et al., 2020) for investigating when a
project, in this case a remedial action, becomes socially profitable
(NPV > 0). Therefore, leaving the site in its current state (i.e., ‘do nothing’)
was considered as an alternative reference for comparing the meanNPVs of
the remediation alternatives (including Alt 0) thus providing a different
basis withwhich to consider the overall value of remediating a specific site.

3.3.2. Social discount rate
The sensitivity of the NPVs to changes in a social discount rate was

tested for each studied remediation alternative Alt 1–5, compared to Alt
0. The following social discount rates were tested: 0, 1.7, 3.5, 5 and 7 %,
with 3.5 % as the ‘base scenario’ as done in Söderqvist et al. (2015).

3.3.3. PFAS spreading
The size of the hotspot has remained constant for the remediation alter-

natives, however, the conceptual uncertainty in the extent of the PFAS con-
tamination (‘rest of site’) has been accounted for by creating two separate
scenarios – large or small spreading – as shown in Fig. 1.

3.3.4. Annual avoided cost of inaction (AACOI)
Annual avoided cost of inaction (AACOI) represents the aggregated ben-

efit of avoided societal costs from PFAS contamination due to remediation
(B2-B3, Table S2 in SM). These costs of inaction include at least costs due to
negative impacts on human health (e.g., kidney cancer, all-cause mortality,
increased infection risk, hypertension) and the (non-health) environment-
related costs such as upgrading drinking water treatment plants, ongoing
(bio)monitoring and remediation costs amongst others (Goldenman et al.,
2019). For modelling purposes, a value of 7.5 MSEK was used as a fixed
amount in the ‘base scenario’, which results in a present value of ca.



Table 2
Overview of the remediation alternatives for PFAS-contaminated soils at the
Stockholm Arlanda Airport site. REF indicates the reference alternative used in
the CBA.a

CBA of Alt 1–5 compared to Alt 0,
i.e., ‘total excavation’ (base scenario)

REF Remediation alternatives
evaluated against Alt 0

Alt
0

Alt
1

Alt
2

Alt
3

Alt
4

Alt
5

CBA of Alt 0–5 compared to the ‘do
nothing’ case

REF Remediation alternatives
evaluated against ‘Do nothing’

Do
nothing

Alt
0

Alt
1

Alt
2

Alt
3

Alt
4

Alt
5

Remedial actions at the hotspot
Excavation (before treatment) X X X X X X
Ex-situ stabilization/solidification (S/S)
with cement and activated carbon
on-site

X X X X

Ex-situ thermal treatment off-site X
Ex-situ soil washing On-site X
Backfilling with the treated masses X X X X X
Backfilling with pristine soils X

Remedial actions at the rest of the site
Excavation (before treatment or disposal) X
In-situ stabilization/solidification (S/S)
with cement and activated carbon

X

In-situ immobilisation/stabilization with
activated carbon without cement

X

Phytoremediation with birches and
spruces

X X X

Landfilling at a disposal site X
Backfilling with pristine soils X

Achievement of risk reduction targets (years required to manage risks)
Hotspot – 2 2 2 2 2 2
Rest of site – 2 2 2 20 20 20
Long-term project management and
monitoring

– 0 0 20b 20b 20b 20b

a CBA: cost-benefit analysis.
b It is assumed that risk reduction can take a shorter time, but the site may not be

left without monitoring and adaptive management when using gentle remediation
options (Drenning et al., 2022).
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196.59 MSEK or €18.03 million (1€ is ca. 10.9 SEK as of December 2022).
However, it is important to note that this is not an estimate of a site-specific
avoided cost of inaction but rather as a tested value for PFAS remediation
benefits to evaluate potential social profitability and compare alternatives.
The site-specific AACOI is unknown because the reported costs of inaction
are based on assumptions for large, aggregated sums for a country or the
Nordic region, so a reliable value for how much of this damage is ascribed
to a particular site is still prohibitively difficult to determine. Given this un-
certainty, a scenario analysis was conducted to test the sensitivity of the
model for different values for AACOI – 5, 7.5, 10, 12.5, 15, and 25 MSEK.
The simulations were used to find the ‘breakeven points’ at which each re-
mediation alternative becomes socially profitable (NPV > 0) in comparison
to ‘do nothing’ that could provide valuable decision-support when evaluat-
ing potential remediation alternatives and more data is available to mone-
tize the local impacts of PFAS contamination more accurately.

4. Results

4.1. PFAS remediation alternatives for the site

As emerging contaminants have gainedwidespread attention only in re-
cent years, remediation technologies to immobilise, remove or destroy
PFAS and its associate compounds are not yet well-established (Held and
Reinhard, 2020; ITRC, 2018; Ok et al., 2020; Smith et al., 2016). Indeed,
a combination of multiple technologies (i.e., treatment chains (Lu et al.,
2020)) is often required to remediate a site effectively (ITRC, 2018;
Merino et al., 2016). Gentle remediation options (GRO) – nature-based so-
lutions using combinations of plant, bacteria, fungi and soil amendments –
are considered for their potential to manage PFAS contamination as well as
improve (or at least not reduce) soil functioning while producing useful bio-
mass as part of a phytomanagement strategy (Cundy et al., 2016). Also, in de-
fining remedial goals, it is important to consider which specific PFAS are
considered to pose a risk according to the risk assessment and determine
the specific ‘risk driver’ for the site by considering the source-pathway-
receptor linkages (‘contaminant linkages’) and how best to manage them
(Held and Reinhard, 2020; Ross et al., 2018). Many reviews on PFAS remedi-
ation options have been carried out which show that there are some promis-
ing technologies and strategies to manage PFAS contaminant linkages (Bolan
et al., 2021; Held and Reinhard, 2020; ITRC, 2018; Mahinroosta and
Senevirathna, 2020; Ok et al., 2020; Ross et al., 2018; Smith et al., 2016).

Five remediation alternativeswere developed, where each alternative is
a combination of several technologies formanaging the risks posed by PFAS
contamination in soils, summarized in Table 2 and described in detail
in SM2.

4.2. CBA results: the base scenario

The simulated mean present values of cost and benefit items for a dis-
count rate of 3.5 % and time horizon of 120 years are shown in Table 3.
These values were used in the CBA to calculate NPVs for the respective
PFAS remediation alternatives for both large and small spreading scenarios.

4.2.1. Net present values
The outcome of the probabilistic CBA model for the ‘base scenario’ is

shown in Fig. 2. Alt 2 (excavation and S/S of the hotspot and stabilization
of PFAS at the rest of the site with activated carbon) generates the greatest
meanNPV for both the large and small spreading scenarios, 123MSEK and
14.1 MSEK, respectively. The results indicate that all studied remediation
alternatives except for Alt 4 are associated with remediation cost savings
(Table S4 in SM) compared to Alt 0. This is valid for both spreading scenar-
ios. The ranking of the other alternatives varies depending on the spreading
scenario. For the small spreading scenario, Alt 1 and Alt 2 generate an al-
most equally positive mean NPV. Alt 3 and Alt 5 generate a slight negative
mean NPV in the small spreading scenario but have the second highest
mean NPV in the large spreading scenario. The mean NPV of Alt 4 is sub-
stantially negative in both spreading scenarios.
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4.2.2. Reduced negative externalities
An additional point of comparison for the remediation alternatives is

the potential generation of reduced negative externalities (i.e., negative ef-
fects on health and the environment in terms of provisioning of ecosystem
services, avoided carbon emissions, noise, traffic accidents etc.) as a result
of the remedial action (Fig. 3). The reference alternative (Alt 0) generates
substantial negative externalities due to the remedial action, and any alter-
native that generates reduced negative externalities will therefore result in
reduced costs (shown as a ‘negative cost’ in Table S4). In comparison to Alt
0, all alternatives, except for Alt 4 in the small spreading scenario, are asso-
ciated with reduced negative externalities during the remedial action com-
pared to Alt 0. Alt 1 is just slightly better than the reference Alt 0 with
respect to externalities during remedial action. Alt 4 is even worse than
the reference alternative in the small spread scenario because of more ex-
tensive air emissions and noise from the ex-situ thermal treatment of the
hotspot. However, the externalities are associated with large uncertainties
(shown as error bars in Fig. 3) in the large spreading scenario in particular,
and Alt 4 may generate even more negative externalities than Alt 0 in the
large spread scenario too.

4.3. Uncertainty analysis

4.3.1. Parameter uncertainty
The calculated Spearman rank correlation coefficients for each studied

remediation alternative are presented in Tornado charts (Figs. S5–S14,
SM). Regarding uncertainties and sensitivity of input variables associated



Table 3
Summary of cost and benefit values used in the cost-benefit analysis to calculate net present values. Mean PV: the mean present value of cost and benefit items. L: Large
spreading scenario. S: Small spreading scenario. The annual avoided cost of inaction (B2-B3) in Alt 0-Alt 5 is assumed to be 7.5 MSEK. The social discount rate is 3.5 %.
The time horizon is 120 years.

Time horizon (years): 120 Alt 0 S/S
hotspot &
disposal rest

Alt 1 S/S
hotspot & S/S
rest

Alt 2 S/S
hotspot &
Stabilization AC

Alt 3 S/S hotspot &
Phytoremediation

Alt 4 T/T hotspot &
Phytoremediation

Alt 5 SW hotspot&
Phytoremediation

Discount rate: 3.5 %

Category Item Mean PV (MSEK) Mean PV (MSEK) Mean PV (MSEK) Mean PV (MSEK) Mean PV (MSEK) Mean PV (MSEK)

Benefit categories and items
Spreading scenarios L S L S L S L S L S L S
B2-B3. Avoided cost of
inaction

Improved health and increased
provision of ecosystem services

197 197 197 197 197 197 177 177 177 177 177 177

Cost categories and items
C1. Remediation costs C1a-e.I. Short-term costs

(total area)
109 60.0 80.4 52.1 67.5 48.6 129 75.9 322 268 129 75.3

C1b.II,C1e.II. Long-term costs of
management, monitoring
(rest of the site)

0 0 0 0 7.39 7.39 7.39 7.39 7.39 7.39 7.39 7.39

C1f. Project risks 32.1 17.3 23.4 14.9 19.6 13.9 16.8 13.1 74.4 70.8 16.6 12.9
Total C1 141 77.3 104 67.0 94.5 69.8 154 96.4 404 346 153 95.6

C2. Impaired health due
to remedial action

C2b. From transport activities and
C2c. At a disposal site

0.709 0.201 0.0346 0.015-
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0.0197 0.0116 0.00854 0.00852 0.401 0.400 0 0

C3. Decreased provision of ecosystem services due to remedial
action (C3a-C3c)

71.8 82.5 10.1 79.3 9.23 6.57 3.68 2.58 2.58 32.3 32.3 4.76
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with the remediation alternatives in the base scenario, Alt 4 is shown to
have the largest variability of the mean NPV (Fig. 2), where the size of
the hotspot and the associated thermal treatment cost contribute most to
the variability. Uncertainties regarding costs of phytoremediation contrib-
ute most to the variability of the mean NPV of Alt 3–5 (except for Alt 5 in
the small spreading scenario) in both spreading scenarios. However, if
PFAS spreading is small, hotspot size and the associated costs for soil wash-
ing of Alt 5 contribute most to the variability of the mean NPV of this alter-
native. Damage costs associated with tree clearing at the site for Alt 1 in the
large spreading scenario is the input variable that contributes most to the
variability in the mean NPV for this alternative. However, for the small
spreading scenario, the size of the hotspot and the cost associated with S/
S contribute most to the variability of the mean NPV of Alt 1.
Fig. 2.The simulatedmean of the net present values (NPV) for Alt 1–5 in comparison to A
The values in the data table below the chart area represent the simulated mean values o

6

4.3.2. Social discount rate
In the base scenario, regardless of which of the social discount rate

levels is used, Alt 2 is highest ranked of the remediation alternatives with
respect to NPV for both the large and small spreading scenarios (Table S5,
SM). The next highest-ranking alternative differs in the large or small
spreading scenario and varies between Alt 3 or Alt 1 being the second
highest, respectively, followed closely by Alt 5. Alt 4 is the lowest ranked
alternative for all the social discount rate levels and spreading extent of
PFAS at the site.

4.3.3. ‘Do nothing’ as reference
When ‘do nothing’ is used as reference, all alternatives, including Alt 0

but excepting Alt 4, generate a positive mean NPV for the base scenario
lt 0 as the reference alternative; the 5th and 95th percentiles are shown as error bars.
f the NPV for each alternative and spreading scenario in millions of SEK (MSEK).



Fig. 3. Cost reductions in terms of reduced negative externalities for remediation alternatives Alt 1–5, in comparison to Alt 0. The 5th and 95th percentiles are shown as error
bars. The values in the data table below the chart area represent the simulatedmean values of the reduced negative externalities for each alternative and spreading scenario in
millions of SEK (MSEK).
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with an annual cost of inaction of 7.5MSEK in the small spreading scenario,
social discount rate of 3.5 %, and time horizon of 120 years (Fig. S13,
SM). However, only Alt 2, Alt 3 and Alt 5 generate a positive mean
NPV in the large spreading scenario, though with larger uncertainties
for Alt 3 and Alt 5. The mean NPV for Alt 2 compared to the ‘do nothing’
alternative is the greatest for both spreading scenarios (95.4 MSEK and
123 MSEK for large and small spreading, respectively). All remediation
alternatives generate negative externalities when compared to the ‘Do
nothing’ reference alternative; however, the alternatives utilising gentle
remediation options (GRO) without thermal treatment (Alt 2, Alt 3,
Alt 5), incurred the least negative externalities (Fig. S14, SM).
Tables compiling the present values (PV) of each cost and benefit item
as well as resulting mean NPV for each alternative compared to the ‘do
nothing’ reference alternative for both large and small spreading scenar-
ios are available in the SM (Table S6).

4.3.4. Annual avoided cost of inaction
The sensitivity of the outcome of the CBA in relation to the ‘annual

avoided cost of inaction’ (AACOI, i.e., the aggregated benefit of B2-B3) is in-
vestigated by identifying at which value of AACOI an alternative is socially
profitable (NPV> 0) with at least 50% probability. This value is referred to
as the ‘breakeven point’ and is found at the cross-section with the red
dashed line in Fig. 4 for the two modelled spreading scenarios (large and
small spreading) compared to ‘Do nothing’.

Alt 2 has the lowest value of the breakeven point: an AACOI of ap-
proximately 7.5 and 5.75 MSEK for large and small spreading of
PFAS, respectively. The difference in breakeven points between alter-
natives is clearly distinguishable in the large PFAS spreading scenario.
Alt 2 is socially profitable with a very high probability (>90 %) at an
AACOI of ca. 9 MSEK, but the AACOI would have to be at least 12.5
MSEK/year to make Alt 1, Alt 3 and Alt 5 socially profitable with a
probability >90 % or 20 MSEK/year for Alt 0. In the small PFAS spread-
ing scenario, all alternatives, including Alt 0 but excepting Alt 4, have
similar breakeven points of avoided cost of inaction (ca. 5.5–7 MSEK)
for generating an NPV > 0 (for details see Table S7, SM). An avoided
cost of inaction of at least 8 MSEK/year will generate a positive NPV
for Alt 0, 1, 2, 3 and 5 with a probability of at least 85 % in the small
spreading scenario.
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5. Discussion

5.1. Ranking and associated impacts of the PFAS remediation alternatives

In this study, combinations of soil remediation technologies to manage
both the hotspot and rest of site area were evaluated using CBA. Each alter-
native entails both distinct advantages and disadvantages, which is
reflected in their resulting rankings for each modelled scenario (Table S8
in SM). An important note is that the relative rankings did not change sig-
nificantly as a result of differing values simulated for AACOI, but the rank-
ings change depending on whether the modelled PFAS spreading and
resulting size of the ‘rest of site’ is large or small.

The intensive hotspot remediation over a short period of time (2 years)
generates much of the direct health and environmental benefits from the
PFAS remediation; however, the techniques differ with regard to total
cost and externalities. Excavation of the hotspot followed by S/S on-site
(Alt 0 and Alt 1–3) has the lowest remediation cost but requires an exten-
sive use of cement, which is associated with large carbon emissions from
production of the cement and transportation. For calculating the cost of car-
bon emissions, the cement is assumed to be produced in the EU and thus
within the EU greenhouse gas emission trading system (see SM4.6 for calcu-
lation details). Thermal treatment (Alt 4) is both expensive and carbon in-
tensive due primarily to transportation and energy requirement from
operating the facility, which resulted in a large cost that caused this alterna-
tive to be ranked last in all tested scenarios. Soil washing (Alt 5) of the
hotspot soil was estimated to be more expensive than excavation and S/S
but would entail much lower negative externalities due to lower carbon
emissions of the remedial action due to e.g., not requiring transportation
of heavy trucks for remediation or backfilling since the treated masses are
assumed to be reused on site (Table S4 in SM for respective cost and benefit
estimates).

The remedial techniques considered for the ‘rest of site’were more var-
ied and the assumed time required for the remedial action (‘time of risk re-
duction’) differed between the alternatives. Alt 0–1 are assumed to achieve
the risk reduction targets within the same2-year timespan as the hotspot re-
mediation, but the equivalent time for Alt 3–5was estimated to be 20 years.
Alt 2 uses an activated carbon stabilizing agent to achieve the rapid risk re-
duction but will require project management and monitoring costs for



Fig. 4. Probability of NPV being positive (>0) for Alt 0–5 in comparison to ‘Do nothing’ for simulated values representing avoided annual cost of inaction, in millions of SEK
(MSEK) given a social discount rate of 3.5%. The red dashed line indicates the ‘breakeven point’where the NPV has a>50% probability of being>0. Note: the scale on the x-
axis is not linear.
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20 years. Phytoremediation (Alt 3–5) also includes these long-term costs, in
addition to the long time required to achieve the risk reduction targets. Alt
0–2 were thus assumed to generate 100 % of the benefit within 2 years
while Alt 3–5 generated 80 % from hotspot remediation and the remaining
20 % over the duration of the remediation time required for the rest of the
site (Eq. (S1)). This partitioning favoured the faster remediation tech-
niques, but Alt 3 and Alt 5 were still shown to consistently rank 2nd or
3rd highest in the different scenarios. Different values for the proportion
of the total benefit gained from hotspot remediation were not tested but
it could change with greater knowledge of the scale and severity of the
PFAS spreading and impacts.

Importantly, the long time requirement for phytoremediation is an as-
sumption for phytoextraction, which may be infeasible, but mitigation of
spreading risks from short-chain PFAS through hydraulic control of ground-
water via phytomanagement could be achieved in a shorter timeframe
while also providing valuable ecosystem services (Evangelou and
Robinson, 2022). A distinct advantage with phytomanagement is that the
remedial costs are often lower than other remediation techniques and it
could potentially generate a mean NPV closer to zero or positive if account-
ing for long-term additional benefits such as provision of ecosystem ser-
vices and the potential production of valuable biomass, which are
currently not included. For example, Wan et al. (2016) expected that the
benefits of phytoremediation of a metal-contaminated soil (from
e.g., cash crop production) would offset the project costs in less than
seven years. The longer timeframe for GRO may not even be such a disad-
vantage in the Stockholm Arlanda Airport case if there are no plans for rap-
idly redeveloping the site for immediate profit, especially in the large PFAS
spreading scenario which supports the view that GRO are well-suited for
large areas where there are no time restrictions (Cundy et al., 2016). GRO
may even be a profitable option for both the problem owner and society
in the long-term if the present value of remediation cost savings (benefit)
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exceeds the present value of postponed increased property value (cost) re-
sulting from capital costs and long-termmonitoring andmanagement activ-
ities necessary to carry out the remediation alternative (Bell, 1996).
However, if there are plans for immediate development then the long
timeframe of remediation alternatives that include gentle remediation via
stabilization with active carbon or phytomanagement (Alt 2, 3, 5) may be
a disadvantage when compared to Alt 0.

The effectiveness of each remediation alternative to manage the con-
tamination risks is also an important aspect that must be directly addressed
per alternative, especially considering the novelty of PFAS compounds.
Typically, this would be considered during the selection of viable remedia-
tion alternatives to include in the CBA, which assumes that these meet the
requirements with respect to their effectiveness. However, when including
newer, more innovative techniques (e.g., phytomanagement) or if there are
uncertainties due to the complexity of remediating PFAS, there is a risk of
failure to meet the risk reduction targets. As previously noted, a primary
shortcoming with phytoremediation is the long time required for
phytoextraction, which may be effective only for short-chain PFAS with
carbon chain length (<C6), though stabilization of longer-chain PFAS
through accumulation in the roots can also help to mitigate risks (Bolan
et al., 2021; Evangelou and Robinson, 2022; Gobelius et al., 2017; Huff
et al., 2020). Conventional remediation techniques may also entail difficul-
ties that limit their effectiveness when applied to remediate PFAS-
contaminated soil. Immobilisation technologies like S/S have been shown
to be effective in binding PFAS but a significant downside is that the con-
tamination ultimately remains at the site, with short-chain PFAS potentially
breaking through over time, and the long-term stability of amendments is
still unknownwhich limits their use and application as a long-term solution
(Bolan et al., 2021; Goldenman et al., 2019;Mahinroosta and Senevirathna,
2020; Ross et al., 2018; Sörengård et al., 2021). Thermal treatment of soil at
high temperatures (>1000 °C) can destroy PFAS, but at lower temperatures
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(500–600 °C) it may vaporize and generate PFAS transformation by-
products that can be released into the air if not captured and treated
(Held and Reinhard, 2020; Ok et al., 2020; Wang et al., 2015, 2022) Soil
washing can likewise have high removal efficiencies but its effectiveness
varies for individual PFAS and type of soil (Grimison et al., 2023).

One method to account for varying effectiveness is to include an ‘effi-
ciency surcharge’ per alternative (Chen and Li, 2018), which could reflect
the technical uncertainty by increasing the cost of the alternative by a factor
(%) of failure. Similarly, the risk of failure is accounted for in this CBA in-
cluding a probabilistic ‘project risk’ (C1f, Table S2 in SM) cost (i.e., the
probability of failure multiplied by the costs of necessary additional reme-
dial actions). The probabilistic project risk costs could thus be considered
as a contingency plan in the case of the remedial action not meeting the re-
mediation objectives in the estimated time and account for the relative un-
certainty and effectiveness of the specific remediation alternatives used to
manage the PFAS contamination. Linacre et al. (2005) emphasized that ‘un-
certainty in project success’ (i.e., the possibility that complete remediation
may not be realized) may significantly increase the perceived costs of
phytoremediation operation for decision makers. However, the extra pro-
ject risk cost due to probability of failure for phytoremediation was not
shown to impact the resulting mean NPV or rankings of these alternatives
(Alt 3–5).

5.2. Costs of inaction

A challenge in this study was to determine a reasonable value for the
AACOI (B2-B3) for Stockholm Arlanda Airport. According to Goldenman
et al. (2019, pg. 129), “The costs for remediating some cases of contamina-
tion run to many millions of EUR. Total costs at the European level are ex-
pected to be in the hundreds ofmillions of EUR as aminimum.” The costs of
remediation at PFAS contaminated sites will accordingly be large and
weigh heavily on the resulting NPV for the remediation project. However,
the ‘costs of inaction’ for not managing PFAS in the environment are esti-
mated to be even larger – €2.1–2.4 billion annually in the Nordics from
health impact-related costs due to contaminated drinking water alone
(Goldenman et al., 2019)– and provide a substantial counterpoint to the
high remediation costs that could even tilt the scales towards a positive
NPV outcome for many of the remediation alternatives. Furthermore, con-
tinued inactionwill lead tomore sources of contamination, more people ex-
posed, higher remediation costs, and ultimately will require more extensive
remediation of soil and groundwater as PFAS spreads throughout the envi-
ronment over time.

In the CBA, 7.5 MSEK was used as a base scenario for the AACOI
(B2-B3), and the resulting NPVs in comparison to ‘do nothing’ for some al-
ternatives indicate that they may indeed be socially profitable at a social
discount rate of 3.5 %. In the case of negative NPVs, the results may
imply that PFAS remediation in these cases is not socially profitable given
this discount rate. A lower discount rate would result in lower breakeven
points and a higher discount rate in higher breakeven points. However, re-
mediation may still be motivated for other reasons and even be required by
regulatory authorities since ‘doing nothing’ is not legally permissible. Also,
due to the direct and indirect (e.g., inhibited recreation, contaminated fish)
costs associated with PFAS contamination, the AACOI correlated with
remediating Stockholm Arlanda Airport could potentially be higher.

In the Swedish context, Goldenman et al. (2019) estimate that 290,000
people in Sweden alone (ca. 47 % of the estimated total exposed Nordic
population of 621,000) are exposed to PFAS above a statutory limit,
which could then be roughly equated to ca. €1 billion per year of associated
health-impact costs to represent 47%of the total estimated €2.1–2.4 billion
for the Nordics. The difficulty then is disaggregating this large lump sum of
health impact-related costs, most of which are attributed to exposure via
contaminated drinking water, and parsing the avoided costs to specific re-
medial actions taken at a particular PFAS contaminated site such as
Stockholm Arlanda Airport. That is, what fraction of these avoided costs
can be attributable to a remedial action taken at Stockholm Arlanda Air-
port?
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The case could bemade that remediation of the firefighting training site
at Stockholm Arlanda Airport would result in a substantial amount of
‘avoided’ harm from PFAS contamination. As noted in Goldenman et al.
(2019), much of the contribution of PFAS contamination to the Sweden is
likely due to sites where AFFF were used, such as at civilian and military
airports. Indeed, evidence from site investigations indicates that
Stockholm Arlanda Airport is a significant source of PFAS spread to Lake
Mälaren by as much as 2.4–5.3 kg of PFAS per year (Ahrens et al., 2015).
Lake Mälaren is an important drinking water source for Stockholm and
PFAS contamination has necessitated extensive investments in drinking
water treatment plants in recent years to treat the PFAS contaminated
drinking water with increasingly strict drinking water guidelines (Franke
et al., 2021). Soil remediation, especially of the hotspot but also the rest
of site, would undoubtedly mitigate these negative impacts but the fraction
of the avoided health-impact costs that could be attributed to such a reme-
dial action would require further investigation.

In comparison to the ‘do nothing’ reference, Alt 0, Alt 1, Alt 2, Alt 3 and
Alt 5 have a high probability of generating NPV > 0 in the range of tested
AACOI values from 5 to 15 MSEK/year, depending on the PFAS spreading
scenario. The breakeven point provides an indication of when remediation
may be justified from an economic standpoint andwhich alternative ismost
attractive (highest probability of NPV > 0) for lower expected values of
avoided cost of inaction. However, given the severity of PFAS contamina-
tion and its expected impacts, the more intensive and faster remediation al-
ternatives to rapidly mitigate risks would become more profitable in
comparison to the other alternatives if the expected value of avoided cost
of inaction is determined to be very high. At present, an accurate value
for the cost of inaction attributable to Stockholm Arlanda Airport is un-
known but this CBA provides a valuable piece of information to decision-
makers by demonstrating the full range of costs and benefits and breakeven
points for social profitability.

5.3. Impact of choices, assumptions and uncertainty

An early-stage CBA faces the challenge of using limited data to provide
reliable decision-support. In this case, developing a probabilistic CBA for a
novel application required making many assumptions due to the novelty of
PFAS contamination and lack of both technical and economic data. Also,
the CBA results is sensitive to choices and assumptions made in developing
the model such as selection of the reference alternative and choice of
discount rate.

In this case, two different reference alternatives were included in the
model that serve different purposes. Alt 0 represents a modified ‘business-
as-usual’ case entailing ‘total excavation’, which is a common remediation
approach in Sweden and other countries. It is therefore useful as a compar-
ison case for when remediation is mandated, and a conventional approach
can be evaluated against alternatives to provide decision-support. ‘Do noth-
ing’, on the other hand, is a helpful reference alternative in a CBA for
obtaining indications on whether it is economically reasonable for society
to spend scarce resources on remediating a particular site or rather use its
resources for other purposes. It should be noted that even if it is not
found to be economically reasonable to remediate a site (i.e., NPV < 0), re-
mediationmight still bemotivated from legal andmoral consideration. The
choice of reference alternative in a CBA is thus context-dependent and
should always be carefully considered and motivated.

The choice of discount rate is also important, especially in applications
with long time horizons (Söderqvist et al., 2015). In essence, the choice of
discount rate reflects the emphasis placed on future values: the higher the
discount rate the lower the present value of the future benefits and costs,
other things being equal (Johansson and Kriström, 2018); which is impor-
tant when valuing, for example, the expected positive externalities (or
avoided damage). Furthermore, the choice of discount rate can become
an issue of inter-generational equity, particularly in the case of PFAS with
its large current and expected future impacts, and where the expected
value of some remediation projects is long into the future and can only be
accurately reflected in a CBA with a suitably low, long-term discount rate,



P. Drenning et al. Science of the Total Environment 882 (2023) 163664
or even a declining discount rate over a long time horizon (Johansson and
Kriström, 2018). The mean NPV for Alt 2–5, which employ GRO, vary sig-
nificantly depending on the discount rate and the social profitability of
each alternative can be much higher if the expected benefits from positive
externalities are not heavily discounted over the remediation time period
(Table S5). Still, Alt 2 is the most promising remediation option from an
economic perspective, regardless of changes in the discount rate. It should
be noted that a higher discount rate might bemore appropriate for evaluat-
ing the profitability of these alternatives to a landowner who is more con-
cerned with short-term impacts (Volchko et al., 2017).

5.4. Limitations of the study

A CBA is about investigating consequences for human well-being and,
whenever possible, monetize them, including those caused by changes in
the supply of ecosystem services. However, there might be other values
that cannot be captured by a CBA, e.g., the intrinsic value of soil health or
ecosystems, which suggests a need for complementary assessments in the
decision-making process for making well-informed and sound decisions.
Currently, the improved health and environmental benefits from the reme-
diation alternatives are bundled into the lump sum value of avoided cost of
inaction. There are, however,manywider benefits (or costs) thatmay result
from remediation such as the loss or gain of soil functionality, which is dif-
ficult to account for in a CBA but is an important aspect of soil remediation
(Chen and Li, 2018). The improvement of soil functionality and increased
provision of ecosystem services could be an important benefit of using
GRO that is currently neglected. Multi-criteria decision analysis is increas-
ingly being used for evaluating positive and negative effects of remedial ac-
tions in the three domains of sustainability (environmental, social and
economic) to support the decision on the most reasonable alternative tak-
ing into consideration other values which are not accounted for in a CBA
(Bardos, 2014; Rosén et al., 2015; Söderqvist et al., 2015).

Assumptions were made regarding the technical applications of certain
remediation technologies that impacted the CBA results. For soilwashing, it
was assumed that 100 % of the excavated soil was washed and reused on
site, which may not be completely accurate but is favourable based on the
site geology of primarily sand. Similarly, thermal treatment is assumed
for the treatment of fine aggregates with the reuse of coarse aggregates
on-site, but the particle size distribution in terms of proportion of fine ag-
gregates is unknown. Also, the annual cost of phytoremediation was not
possible to accurately quantify based on literature and could have affected
the resulting NPV of Alt 3–5. The lump sum used as a present value of this
cost includes total project costs (e.g., costs of establishment, operation and
maintenance, biomass harvest andmanagement)was consequently not sen-
sitive to changes in the time required for risk reduction which could impact
the present value of costs and benefits when discounted over a longer time.
It is also a simplification to assume that full risk reduction will be achieved
so quickly and in similar time for each hotspot remediation alternative.
Other potentially viable PFAS remediation techniques such as engineered
caps/covers were not included in this study but may be considered as sim-
ilar to the considered containment techniques (i.e., S/S and stabilization
with AC) and entail similar processes, costs, and limitations.

6. Conclusions

The following main conclusions can be drawn from this study:

• There are many uncertainties associated with PFAS contamination, in-
cluding costs, benefits and effectiveness of PFAS remediation alternatives.
Limitations in data and the novelty of PFAS remediation requiredmaking
assumptions to compensate. Probabilistic CBA is demonstrated to be a
robust method to account for uncertainties and parameter sensitivity
and the model was further improved by creating multiple scenarios to
test different model assumptions. The analysis provides valuable
decision-support by evaluating the social profitability of different PFAS
remediation alternatives.
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• In general, excavation and stabilization/solidification of the hotspot
on-site combined with stabilization of PFAS at the rest of the site with ac-
tivated carbon (Alt 2) has the highest probability of being socially profit-
able (greatest mean NPV) and highest ranking in all scenarios. All other
alternatives, except for thermal treatment of the hotspot (Alt 4), are so-
cially profitable and entail reduced negative externalities to varying de-
grees compared to ‘total excavation’ of the entire site. The extent of
PFAS spreading (large or small spreading) is shown to be the most sensi-
tive variable in the CBAmodel and affect the ranking of subsequent reme-
diation alternatives.

• Costs of inaction to society from PFAS contamination are high but associ-
ated with uncertainties, in particular how much avoided damage to
human health and the environment is attributable to remediation at a par-
ticular site like Stockholm Arlanda Airport. Simulations of different
values for annual avoided cost of inaction (AACOI) as an aggregated ben-
efit to society are useful to compare breakeven points for when a remedi-
ation alternative becomes socially profitable.

• Two different reference alternatives – Alt 0 as a modified business-as-
usual case entailing ‘total excavation’ and ‘do nothing’ as a common refer-
ence for economic analysis –were used for comparison to evaluate the re-
mediation alternatives from different perspectives and to provide
balanced support to decision-makers.
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