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a b s t r a c t

Swedish environmental practice exhibits a paradox where excavation and landfilling dominate per- and 
polyfluoroalkyl substances (PFAS) remediation despite evidence that in situ stabilisation achieves 
equivalent exposure risk reduction at substantially lower cost. This article examines whether legal 
uncertainty rather than technical or economic factors drives this pattern. Through traditional legal 
method, the analysis identifies  structural ambiguities in the Swedish Environmental Code (SFS 
1998:808) (SEC) that systematically favour technically inferior approaches. Two distinct gaps create 
legal uncertainty: Swedish law provides no clear criteria for distinguishing between preventive mea
sures under Chapter 2 and remediation under Chapter 10 when stabilisation requires long-term active 
management. Additionally, Chapter 10 establishes no framework for determining when remediation 
obligations are fulfilled  if contaminants remain in place under indefinite management while risks are 
adequately controlled. These gaps create asymmetric liability exposure where stabilisation achieves 
superior environmental outcomes but generates indefinite  legal obligations, whereas excavation pro
vides definitive liability termination despite relocating rather than managing contamination. The 
findings  demonstrate that operators may rationally optimise individual liability management rather 
than environmental protection when legal frameworks cannot accommodate technical realities. 
Resolving this paradox does not require untested legal innovation. Swedish law's nuclear waste and 
mining liability structures demonstrate that indefinite  management can be operationalised through 
financial  assurance and graduated responsibility. While PFAS present a distinct challenge requiring 
tailored statutory design, these frameworks suggest structural principles for enabling regulatory closure 
without assuming complete remediation.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are a class of syn
thetic chemicals that have been manufactured since the 1950s and 
are characterised by exceptionally strong carbon-fluorine  bonds 
that confer both useful properties and potential for significant 
adverse effects. These bonds make PFAS very persistent, mobile, 
and virtually immune to natural breakdown processes, earning 
them the designation ‘forever chemicals’ (See, e.g., Ref. [1];1-6 
[2,3];9 [4,5];3-4; [6]). Released into soil, PFAS leach continuously 
into groundwater, where they migrate long distances, forming 

contamination plumes that spread to surface water and ecosys
tems—pathways through which PFAS reach drinking water and 
food sources, creating widespread human exposure ([3];34-36, 39).

There are established links between PFAS exposure and adverse 
health outcomes, for example, increased cholesterol levels, 
increased risk of certain cancers, and thyroid hormone disruption 
(See, e.g., Ref. [1];Ch. 2 [7,8];3-9; [9]). Once released into the 
environment, PFAS compounds persist indefinitely, creating long- 
term contamination sources that challenge fundamental as
sumptions underlying environmental remediation frameworks.
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Comprehensive European mapping initiatives have revealed 
contamination far exceeding regulatory capacity to address it. 
Investigative efforts documented through the Forever Pollution 
Project1 identified  over 23,000 sites with confirmed  contamina
tion and an additional 21,500 sites of presumptive contamination 
[10]. Approximately twenty million Europeans consume drinking 
water above regulatory thresholds [11]. Sweden's experience il
lustrates how rapidly recognised contamination can outpace 
institutional response. The Swedish Environmental Protection 
Agency's (SEPA) inventory expanded from approximately 1000 
potential PFAS-contaminated sites in early 2024 to approximately 
21,200 sites by April 2025—a twenty-fold increase within twelve 
months. This dramatic growth stems from intensified  identifica
tion efforts rather than new releases. Ongoing assessment work 
through 2025 suggests that even current figures  underestimate 
the true scope of Swedish PFAS contamination ([12];8).

The predominant sources of PFAS contamination in Swedish 
soil are the historical uses of aqueous film-forming foams (AFFF) 
for firefighting  and fire-training activities ([3];33). These sites 
experienced repeated PFAS applications over decades before 
environmental risks were understood, resulting in high concen
trations in soil and groundwater that now require remediation 
under the Swedish Environmental Code [13] (SEC). Given the scale 
of contamination and technical complexity, remediation method 
selection becomes critical.

In Swedish practice, traditional methods such as excavation 
and landfilling  of PFAS-contaminated masses are the dominant 
methods applied ([14];34). This pattern persists despite several 
factors that would logically favour alternative approaches. Socio
economic analyses demonstrate that in situ stabilisation methods 
can achieve equivalent exposure risk reduction at substantially 
lower costs than excavation. A study from 2023 found stabilisation 
approaches more cost-effective than excavation-to-landfill,  rec
ommending combined treatment train strategies [15]. Another 
study from 2025 examined three hypothetical contaminated sites 
over 200-year timeframes, concluding that immediate excavation 
is economically justified  when PFAS has already reached major 
aquifers affecting drinking water, especially when weighted to
ward benefits  for future generations. For smaller or contained 
sources, alternatives such as containment or delayed remediation 
in anticipation of future innovative treatment technologies prove 
more cost-effective ([16], Summary, pp. iii-iv).

Recognising that excavation and landfill  must be replaced by 
more innovative solutions, the Swedish Environmental Protection 
Agency (SEPA) has established dedicated grant programmes for 
pilot-scale testing of alternative remediation methods, including 
multiple projects focused on PFAS stabilisation with activated 
carbon [17]. This approach is exemplified  by the Swedish 
Geotechnical Institute's (SGI) pilot projects, conducted in collab
oration with the Geological Survey of Sweden (SGU), which, since 
2023, have tested activated carbon stabilisation at Sundsvall-Timrå 
and €Ornsk€oldsvik airports with promising results in reducing PFAS 
concentrations in groundwater [18].

This support for alternative methods reflects broader interna
tional recognition. Similar publicly funded pilot and demonstra
tion initiatives exist in other countries. In the United States, for 
example, the Department of Defense supports pilot-scale 
demonstration programmes through its Environmental Security 

Technology Certification  Program (ESTCP), while the U.S. Envi
ronmental Protection Agency (EPA) provides extramural funding 
opportunities for PFAS-related research and technology develop
ment (see, e.g., Ref. [19,20]).

Swedish environmental practice exhibits a paradox: excavation 
and landfilling dominate remediation responses despite evidence 
that in situ stabilisation can achieve equivalent exposure risk 
reduction at substantially lower cost. This regulatory ten
sion—between established remediation pathways and novel 
technologies that challenge traditional assumptions about liability 
closure—is not unique to Sweden. As PFAS contamination extends 
globally and alternative treatment approaches develop, jurisdic
tions implementing similar distinctions between preventive and 
remedial measures face comparable uncertainties about how in
definite  management aligns with liability frameworks designed 
for definitive remediation endpoints. While this article focuses on 
PFAS, the underlying structural problem extends to all persistent 
contaminants requiring indefinite management.

Across these jurisdictions, a consistent pattern emerges where 
factors beyond technical effectiveness or economic efficiency drive 
remediation method selection. While environmental liability 
frameworks establish responsibilities for remediation, they most 
often assume definitive endpoints. What happens when technical 
solutions, like in situ stabilisation, require indefinite management 
rather than closure? When stabilisation gives rise to indefinite 
management obligations while excavation appears to offer 
closure, operators and regulators face divergent incentives that, 
based on the legal framework analysis, would systematically 
favour the technically inferior approach. Two research questions 
guide the analysis: When can remediation obligations under SEC 
Chapter 10 be considered fulfilled if stabilisation requires indefi
nite management? How does legal uncertainty about liability 
endpoints influence remediation method selection in practice?

The article proceeds as follows. Section 2 outlines the meth
odological approach. Section 3 examines technical foundations of 
PFAS stabilisation. Section 4 analyses the relevant legal frame
works. Section 5 discusses tensions between technical and legal 
dimensions, and Section 6 concludes.

2. Method and materials

The analysis employs a traditional legal method, which, in 
short, means analysing relevant legal sources in order to search for 
a solution to a legal problem ([21];21 [22];118). The analysis pri
marily examines the REACH Regulation (Regulation [23] and the 
SEC as the currently applicable legal framework for PFAS chemical 
safety and soil remediation liability in Sweden. However, the EU 
Soil Monitoring and Resilience Directive [24], which entered into 
force at the end of 2025, is briefly  addressed as an emerging 
framework in regard to soil remediation.

While the legal analysis applies a traditional interpretive 
framework, the research questions concern the interaction be
tween technical capabilities and legal requirements. Accordingly, 
the legal analysis is complemented by materials, technical and 
scientific in nature, on PFAS chemistry, stabilisation mechanisms, 
and long-term performance data, particularly from the SGI and the 
SEPA guidance.

The focus on soil remediation under Swedish environmental 
law (rather than water treatment) reflects  the distinct liability 
structures: whereas contamination in water or from landfill 
leachate falls under water and waste legislation, soil contamina
tion falls under Chapter 10 SEC, which establishes the primary 
remediation liability framework. The analysis specifically  exam
ines in situ stabilisation methods, which are regulated under both 
REACH requirements for chemical safety assessment and SEC 

1 In 2022, the Forever Pollution Project operated as an international multidis
ciplinary journalism initiative monitoring European PFAS contamination. Its two 
main outputs—the Map of Forever Pollution (February 2023) and the Forever 
Lobbying Project (January 2025)—collectively document contamination sites and 
policy responses across the continent.
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Chapter 10 remediation obligations, because these approaches 
most clearly expose the tensions between technical risk reduction 
and legal expectations of definitive remediation completion.

Whilst technical data on stabilisation effectiveness and cost- 
benefit analyses are referenced to contextualise the legal frame
work, detailed technical assessment or cost-benefit modelling falls 
outside the scope of this work. The focus remains on identifying 
legal-structural gaps rather than on evaluating technical or eco
nomic optimality.

This study adopts a single-jurisdiction focus on Sweden to 
provide a doctrinally grounded and context-sensitive analysis of 
Swedish environmental law. While the regulatory tension be
tween preventive and remedial approaches may arise in other 
jurisdictions with similar legal distinctions, a broader comparative 
examination of how different legal systems address this tension 
falls outside the scope of the present article and is left for future 
research. Additionally, this analysis infers operator decision- 
making from the legal framework's structure rather than from 
direct empirical evidence; we have not conducted interviews, 
surveys, or gathered regulatory data on actual remediation 
method selection. Future empirical research examining operator 
choices would strengthen this inference.

3. Technical foundations of PFAS stabilisation

The regulation of PFAS presents environmental law with a 
technical challenge, rooted in basic chemistry. The carbon-fluorine 
bonds that define PFAS compounds are among the strongest bonds 
in organic chemistry [25], conferring exceptional molecular sta
bility that renders these compounds virtually indestructible under 
normal environmental conditions. This persistence, while confer
ring the useful properties that make PFAS commercially valuable, 
distinguishes them from conventional organic pollutants. Unlike 
contaminants that undergo biodegradation, photolysis, or hydro
lysis over time, most PFAS compounds are highly resistant to 
natural degradation pathways ([2,3];16).

Remediation technologies for PFAS-contaminated soil can be 
implemented either ex situ (excavation and treatment/disposal 
elsewhere) or in situ (treatment in place). Practical approaches 
include stabilisation/solidification  (S/S)—including sorption- 
based stabilisation and cement-based solidification—as well as 
destruction and separation technologies [26,27]. While excavation 
and landfilling  represent a well-established approach for PFAS 
contamination, in situ methods vary in their degree of validation 
and continue to develop for PFAS-specific applications ([3,26];44).

While destructive technologies theoretically offer permanent 
solutions, their energy requirements and costs ranging from 450 to 
2000 EUR/m3, excluding transport, for high-temperature inciner
ation limit application to waste streams with high concentrations 
and low volumes. Soil washing, though achieving greater than 95% 
PFAS reduction in granular soils, requires excavation and generates 
contaminated fines requiring subsequent stabilisation or thermal 
treatment. Consequently, stabilisation using sorptive amend
ments, particularly activated carbon, has emerged as a pragmatic 
and cost-effective approach for large-volume contaminated sites, 
achieving greater than 95% reductions in long-chain PFAS leaching, 
with reported costs2 of 35–113 EUR/m3 for sorbent-based 

approaches and applicability to both in situ and ex situ scenarios 
([28];112, 114–115).

PFAS stabilisation without solidification  involves the in situ 
amendment of contaminated soil or groundwater with sorptive 
materials, such as colloidal activated carbon, that immobilise 
contaminants through adsorption rather than physical encapsu
lation ([27,29];35; [30]). In this approach, finely dispersed carbon 
particles are injected directly into the subsurface, where they 
distribute within the pore structure and adsorb dissolved PFAS 
[31,32]. The treatment reduces contaminant mobility, leaching 
potential, and exposure risk by lowering aqueous-phase concen
trations and retarding mass transport, while preserving the 
physical structure and permeability of the soil matrix. Unlike 
solidification-based methods, this strategy does not rely on bulk 
material binding or cementitious reactions but instead achieves 
risk reduction through PFAS sequestration and partitioning onto 
high-surface-area sorbents.

Effective remediation of large-scale PFAS-contaminated sites 
can require combinations of multiple technologies, such as exca
vation and ex-situ sorbent-based stabilisation of hotspots com
bined with in-situ stabilisation for remaining areas, demonstrating 
both technical effectiveness and economic viability [15].

3.1. In situ stabilisation: mechanisms and long-term performance

The effectiveness of these sorption-based stabilisation mecha
nisms depends fundamentally on the strength of chemical in
teractions between PFAS molecules and amendment materials. 
Treatment effectiveness is quantified  through distribution co
efficients  (Kd), which express the equilibrium partitioning be
tween contaminants sorbed to the solid phase and those dissolved 
in porewater ([29,33];35).

PFAS sorption capacity in soil matrices vary systematically with 
molecular structure. Empirical studies demonstrate that Kd values 
increase with molecular weight, as larger perfluoroalkyl chains 
enable stronger hydrophobic interactions with soil organic matter. 
This relationship creates differential stabilisation potential: while 
long-chain compounds (C8-C11) achieve Kd values permitting 
immobilisation, short-chain PFAS (C3-C5) exhibit substantially 
lower Kd values due to their reliance on electrostatic rather than 
hydrophobic binding mechanisms, resulting in higher mobility 
and greater difficulty  achieving effective immobilisation. The 
functional group further influences  binding strength, with per
fluoroalkyl sulfonates generally exhibiting higher Kd values than 
corresponding carboxylates of equal chain length [33]. While 
theoretical models suggest pH-dependence, with lower pH 
enhancing sorption of anionic PFAS through increased positive 
charge on soil particles, systematic literature reviews reveal weak 
and inconsistent pH-Kd correlations across diverse soil types [34].

Stabilising materials attempt to address this variability by 
combining multiple sorption mechanisms: e.g., activated carbon 
provides high-surface-area adsorption driven primarily by hy
drophobic interactions and, in some cases, electrostatic attraction 
[35]; organoclays enhance sorption of hydrophobic organic com
pounds through surface modification [36]; and metal hydroxides 
(e.g., iron or aluminium hydroxides) bind charged species via 
electrostatic interactions and surface complexation reactions [37]. 
Screening studies of 44 different sorbents—including various clay 
minerals, inorganic and organic residual products, biochar, and 
activated carbon—demonstrate that activated carbon-based sor
bents bind PFAS two to four orders of magnitude more strongly 
than other materials ([29];35–36; [38]). Laboratory studies 
confirm  that commercial stabilisation products containing acti
vated carbon achieve approximately 99% reduction for long-chain 
PFAS such as PFOS and PFHxS, though effectiveness declines 

2 In their report, Concawe defines  S/S as encompassing both sorbent-based 
stabilisation (activated carbon, organoclays, biochar) and cement-based solidifi
cation; however, the reported cost range of 35–113 EUR/m3 appears to reflect 
primarily sorbent-based applications, as cement-based solidification substantially 
exceeds this range due to high material and equipment costs and doubled soil 
volumes resulting in higher landfill taxes.
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systematically with decreasing chain length [39].
Stabilisation now constitutes a commercial reality rather than a 

research phase: activated carbon-based amendments achieve 
more than 90–98% reduction in both soil and groundwater treat
ment zones, according to both laboratory and field trials ([29];36; 
see, e.g., Ref. [31,40,41]). However, these stabilisation methods do 
not eliminate contamination. PFAS molecules remain chemically 
intact within the soil matrix, sequestered by physical and 
geochemical barriers rather than destroyed or removed 
([28];61–64; [27]). This fundamental distinction separates stabili
sation from destructive remediation technologies, as the full 
concentration and inherent potential toxicity of contamination 
persist within the treatment zone, bound but not degraded.

Long-term immobilisation efficacy faces substantial challenges 
from natural weathering processes that operate across extended 
temporal scales. A constellation of environmental stressors—aci
dic precipitation, groundwater movement, soil microbes, wet-dry 
and freeze-thaw cycles—collectively erode the sorptive capacity of 
stabilisation amendments and modify the chemical equilibria 
upon which contaminant retention depends. Continued ground
water flux through treatment zones introduces fresh contamina
tion loads into remediated areas [42]. Empirical evidence from 
four-year field  ageing studies reveals measurable declines in 
treatment performance, with biochar-based sorbents exhibiting 
38% and 22% effectiveness losses, respectively, compared to 
powdered activated carbon formulations, which retained stable 
performance (>95% reduction) even after four years, whilst pH- 
dependent leaching protocols demonstrated remobilisation of 
sorbed compounds under varying geochemical conditions [43].

SGI explicitly acknowledges this performance decline, recog
nising that repeated treatment or reinjection may be necessary to 
maintain acceptable effectiveness over the extended timeframes 
of decades to centuries required to maintain PFAS stabilisation 
systems ([29];37). Limited long-term field data mean we cannot 
reliably project treatment effectiveness beyond the available 
observation period.

4. Legal framework overview

The selection of remediation methods for PFAS contamination 
is governed by a suite of legal frameworks operating across EU and 
national levels. This section analyses four interconnected regula
tory structures: the EU Soil Directive, REACH Regulation, SEC, and 
risk assessment methodologies to identify where legal ambiguities 
create systematic incentives for technically inferior approaches.

The EU Soil Monitoring and Resilience Directive [24] represents 
the first EU-wide legislative framework addressing contaminated 
site management. It entered into force at the end of 2025 and must 
be transposed by member states by 17 December 2028. The 
Directive aims to establish a harmonised framework for soil 
monitoring and assessment, soil resilience, and managing risks 
from contaminated sites in order to protect human health, the 
environment, and soil ecosystem services (Arts. 1 and 26).

Within this framework, the regulatory focus is placed on 
addressing unacceptable risks rather than requiring complete 
contaminant removal. Member States are required to assess and 
manage contaminated sites on the basis of site-specific  risk as
sessments and to implement appropriate risk reduction measures 
to ensure that risks to human health and the environment are 
reduced to acceptable levels. This is embedded in a broader risk- 
based and stepwise approach, in which decisions are determined 
based on site-specific  conditions, exposure pathways and re
ceptors (Directive [24], Art. 16, Recital 65; see also Recital 62).

This structure implicitly accommodates remediation strategies 
in which contamination remains in situ, provided that risks are 

effectively controlled. Soil investigations are intended to inform 
both risk assessment and the design of appropriate measures, 
including, where necessary, ongoing monitoring and control. In 
this context, the Directive includes techniques such as stabilisa
tion, solidification  and immobilisation among examples of risk 
reduction measures, indicating that approaches aimed at limiting 
contaminant mobility or exposure are contemplated within the 
regulatory framework (Directive [24], Art. 16, Recital 64, and An
nex IV). As a result, the Directive reflects an emerging acceptance 
that long-term management may be required for certain forms of 
persistent contamination, including cases where removal is not 
technically or economically feasible.

4.1. Terminology: remediation and long-term management

The EU Soil Directive specifically  defines  soil remediation as 
actions that reduce, isolate, or immobilise contaminants (Directive 
[24], Art. 3(27)). SEC uses the broader term avhj€alpande (remedial 
action), encompassing investigation, aftertreatment (efterbehan
dling), and other measures to address environmental contamina
tion ([44,45], Ch. 10 Sec. 1). In this analysis, ‘remediation’ refers to 
the Directive's definition—actions focused on contamination 
control and risk management—while recognising that SEC's 
framework encompasses the full scope of investigative and 
remedial measures.

While the Directive defines  ‘soil management practices’ as 
practices impacting soil's physical, chemical, or biological prop
erties (Directive [24], Art. 3(7)), this term is insufficiently specific 
to define  the indefinite  operational management required for 
persistent contaminants.

This analysis introduces the distinction between ‘remediation’ 
and ‘long-term management’. Remediation implies defined  in
terventions aimed at achieving a state where contamination no 
longer poses unacceptable risks—a completion endpoint. Long- 
term management describes the indefinite  monitoring, mainte
nance, and repeated intervention necessary when contaminants 
cannot be eliminated but must be controlled over extended 
timeframes. Neither SEC nor the Directive explicitly distinguishes 
these phases. However, this distinction is essential for analysing 
persistent contaminants like PFAS, where traditional remediation 
completion may not be achievable while adequate risk control 
remains possible.

Throughout this analysis, ‘active management’ refers to the 
operational phase of long-term management in which repeated 
intervention (e.g., periodic carbon reinjection) is required to 
maintain stabilisation effectiveness, while ‘legal closure’ denotes 
regulatory recognition that remediation obligations have been 
fulfilled.

4.2. REACH regulation: chemical safety assessment requirements

The EU's REACH Regulation (Registration, Evaluation, Authori
zation and Restriction of Chemicals) establishes mandatory 
Chemical Safety Assessment (CSA) requirements for substances 
manufactured or imported in quantities of 10 tonnes or more 
annually (Regulation [23], Arts. 14(1) and 6(1)). Registrants must 
demonstrate that risks from their substances are ‘adequately 
controlled’ under the conditions of use identified  in exposure 
scenarios ([23], Art. 14(6)). The CSA must be documented in a 
Chemical Safety Report (CSR), which forms part of the registration 
dossier submitted to the European Chemicals Agency ([23], Arts. 
3(18), 10(b), and 14(1)).

The assessment framework specifically  includes evaluation of 
persistent, bioaccumulative and toxic (PBT) properties and very 
persistent and very bioaccumulative (vPvB) properties ([23], Art. 
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14(3)), criteria particularly relevant for PFAS substances, which 
exhibit extreme environmental persistence and bioaccumulation 
potential (See, e.g., Ref. [2,3];16). The regulatory obligation extends 
beyond documentation. Registrants must not only identify 
appropriate risk management measures in their CSR but also 
implement these measures in actual operations ([23], Art. 14(6)). 
These measures must be communicated to downstream users 
through safety data sheets prepared in accordance with Article 31 
and Annex II REACH, enabling implementation of appropriate 
controls throughout the supply chain. However, information about 
PFAS substances is frequently absent from safety data sheets. 
Because PFAS achieve technical effects at concentrations below the 
0.1% or 1% thresholds that trigger mandatory disclosure, products 
may contain functionally significant  PFAS without triggering 
reporting obligations. Manufacturers’ treatment of fluorinated 
additives as proprietary information further limits disclosure 
([3];25; [23], Annex II, Sec. 3.2.2).

The regulatory framework operationalises adequate control 
through the Risk Characterisation Ratio (RCR), comparing pre
dicted exposures to safety thresholds. For human health, the RCR 
compares exposure levels to derived no-effect levels (DNELs); for 
environmental protection, it compares predicted environmental 
concentrations (PECs) to predicted no-effect concentrations 
(PNECs) ([46];8; [23], Annex I, Sec. 1.0.1, 3.0.1, and 6.4). Both as
sessments must independently demonstrate adequate control 
through RCR values below 1.0 under the proposed conditions of 
use ([46];8; [23], Annex I, Sec. 6.4).

When RCR values exceed 1.0, meaning that risks are not 
controlled, registrants must iterate the CSA and implement addi
tional risk management measures to achieve adequate control. The 
European Chemicals Agency (ECHA) Guidance emphasises that 
such iterative refinements must be grounded in practical imple
mentability, meaning that proposed operational conditions and 
risk management measures must be realistically achievable in 
actual use conditions ([46];10). Where it is not possible to deter
mine a DNEL or PNEC for certain endpoints, qualitative assessment 
of the likelihood that effects are avoided when implementing the 
exposure scenario is required ([46];8-9; [23], Annex I, Sec. 6.5).

REACH establishes no temporal boundaries for risk control 
obligations. The CSR must address the entire lifecycle of identified 
uses ([23], Art. 14(4), and Annex I, Sec. 6.4), and registrants must 
keep the report up to date ([23], Art. 14(7)), but the framework 
provides no mechanism to define  when indefinite  management 
obligations may be considered fulfilled. The regulatory structure 
implicitly assumes that adequate control can be achieved through 
risk management measures without explicitly addressing how 
such control is to be maintained over indefinite timeframes. This 
becomes problematic in stabilisation scenarios, where re
sponsibility for maintaining control must be sustained indefinitely 
rather than terminated.

4.3. Swedish Environmental Code: preventive measures and 
remediation

SEC establishes remediation liability through Chapter 10, which 
holds operators who have conducted activities contributing to 
pollution liable for remediation measures of contaminated areas 
([44,45], Ch. 10 Sec. 2). Remediation liability requires the respon
sible party to carry out or finance measures necessary to prevent, 
hinder, or combat subsequent damage or detriment to human 
health or the environment, to the extent that is reasonable 
([44,45], Ch. 10 Sec. 4). Liability depends on establishing causal 
connection between the operator's activities and existing 
contamination ([44,45], Ch. 10 Sec. 2), with the scope of required 
remediation determined through a reasonableness assessment 

that evaluates how much time has elapsed since the contamina
tion occurred, what duty the responsible party had to prevent 
future harmful effects, other relevant circumstances, and whether 
the operator contributed to the contamination only to a limited 
extent ([44,45], Ch. 10 Sec. 4).

Swedish environmental law incorporates foundational princi
ples that shape remediation obligations. The precautionary prin
ciple requires activities to employ best possible techniques and 
appropriate protective measures to prevent, hinder, or combat 
harm to human health or the environment ([44,45], Ch. 2 Sec. 3), 
even when scientific  evidence remains incomplete ([47];9-10; 
[48], Art. 191(2)). These requirements apply to the extent it is not 
considered unreasonable to fulfil them; the assessment weighs the 
environmental benefits of protective measures against their costs 
([44,45], Ch. 2 Sec. 7).

The Swedish best possible technology3 requirement establishes 
that operators must implement techniques representing the 
highest level of environmental protection that can be achieved 
through methods that are technically feasible and economically 
viable within the relevant sector. This represents a distinct stan
dard from the EU's best available techniques (BAT). While the 
Swedish framework may subsequently be compared with inter
nationally recognised BAT standards, Swedish law maintains its 
own independent application that typically imposes more strin
gent obligations.

The best possible technology (hereafter BAT; see footnote 3) 
requirement applies throughout a facility's entire lifecycle, from 
design and construction through operation to eventual decom
missioning. Critically, the technology must be industrially feasible 
and available for practical implementation within the relevant 
industry and not merely exist at an experimental stage. However, it 
need not be established in Swedish practice to satisfy this 
requirement, as internationally developed approaches are equally 
valid. Chapter 2, Section 7 SEC provides for a reasonableness 
assessment that balances the costs of implementing protective 
measures against the environmental benefits they would achieve, 
considering both the magnitude of potential harm and the effec
tiveness of available risk-reduction strategies ([44,45], Ch. 2 Sec. 3; 
[49], part 1, pp. 216-218).

The polluter pays principle establishes that those who conduct 
or have conducted activities causing environmental damage 
remain liable until the damage or detriment has ceased ([44,45], 
Ch. 2 Sec. 8). SEC does not define  a formal ‘legal closure’ for 
contaminated sites. Instead, responsibility is linked to the persis
tence of harmful effects, considered to remain until contamination 
no longer poses a risk to human health or the environment ([49], 
part 2 p. 385). From an operator's perspective, closure may 
correspond to completion of required investigations and remedi
ation measures. From a regulatory perspective, however, closure 
remains contingent—the need for remediation persists as long as 
contamination effects have not ceased.

These principles operate in parallel: the precautionary princi
ple governs preventive measures and is constrained by cost- 
benefit  assessment, while the polluter pays principle governs 
remediation of existing damage and persists until harm ceases but 
is constrained by the reasonableness assessment in Chapter 10 (Cf. 
[44,45], Ch. 2 Sec. 7 and Ch. 10 Sec. 4).

The boundary between preventive measures under Chapter 2 

3 The official  English translation of the SEC uses ‘best possible technology’ for 
b€asta m€ojliga teknik (SEC, Ch. 2 Sec. 3), distinguishing it from the EU concept ‘best 
available techniques’ (b€asta tillg€angliga teknik), though both terms are sometimes 
rendered as ‘best available’ in secondary literature. For clarity and consistency 
with established usage, we use ‘BAT’ throughout this analysis.
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and remedial measures under Chapter 10 SEC is, however, not 
clearly delineated in practice. SEPA guidance recognises that the 
distinction between protective/precautionary measures and 
remediation measures carries significant  legal weight when 
determining liability frameworks. The classification of a measure 
as preventive or remedial depends on its primary objective: 
measures that primarily restrict contamination spread may be 
understood as preventive over longer timeframes, whereas mea
sures aimed fundamentally at area restoration should be classified 
as remedial ([50];25-26).

SEPA simultaneously acknowledges a critical methodological 
problem: “There is no clear boundary between preventive mea
sures and remedial measures. All measures aimed at preventing 
further contamination spread from a contaminated site can, in a 
longer perspective, be regarded as preventive” ([50];25). This 
recognition is crucial for PFAS stabilisation. The treatment ach
ieves both objectives inseparably: it prevents further contamina
tion spread and manages existing contamination. SEPA's own 
classification criterion—primary objective—cannot resolve situa
tions where the measure is intentionally and equally both pre
ventive and remedial. Containment measures at contaminated 
sites defy clear categorisation precisely because they serve pre
ventive functions over extended timeframes while addressing 
existing contamination, forcing regulatory uncertainty when 
neither objective is subordinate.

The practical implications of this categorical ambiguity are 
significant for PFAS stabilisation projects. Where Chapter 2's pre
cautionary principle applies, operators face ongoing obligations to 
implement BAT and appropriate protective measures to the extent 
considered reasonable, with assessments balancing costs against 
environmental benefits  ([44,45], Ch. 2 Secs. 3 and 7). Where the 
remediation framework governs, liability persists until damage or 
detriment has ceased, constrained only by the reasonableness 
assessment that considers elapsed time, the operator's duty to 
prevent future harm, and proportionality of contribution ([44,45], 
Ch. 2 Sec. 8 and Ch. 10 Sec. 4). For stabilisation approaches that 
manage rather than eliminate PFAS contamination, this distinction 
determines whether obligations are assessed as preventive (and 
thus subject to ongoing BAT requirements) or remedial (and thus 
requiring demonstration that harm has ceased)—yet SEC or SEPA 
guidance provides no clear criteria for when demonstrated risk 
control in such measures fulfils remediation obligations.

Swedish case law has addressed the boundary between pre
ventive measures under SEC Chapter 2 and remediation obliga
tions under Chapter 10, though not in the context of PFAS or 
stabilisation technologies. In two parallel decisions concerning 
landfill sites, the Swedish Land and Environment Court of Appeal 
clarified  the classification  boundary between these frameworks 
([45]; see also [44]). The central question was whether sites with 
waste material incorporated into soil should be classified  as 
ongoing storage operations subject to SEC Chapter 2's operational 
requirements or as contaminated sites governed by Chapter 10's 
remediation framework.

The court established that once waste material becomes inte
grated into soil, it constitutes a contaminated site under Chapter 
10, irrespective of the original purpose for which the waste was 
deposited. The court rejected the argument that the distinction 
between waste disposal, land filling, or combined purposes could 
affect this classification.  The decisive factor is the site's current 
status—what it is—rather than the nature, scope, or duration of 
any ongoing management measures that may be necessary ([45]; 
see also [44]). This principle means that a site's classification as a 
Chapter 10 remediation site depends on its physical and legal 
condition, not on the type or extent of operational activities 
required to manage it. The court's reasoning applied to passive 

containment systems—physical barriers and covers that, once 
installed, require only routine monitoring.

However, the Fagersta decision addressed only the classifica
tion question. Neither party raised the question of how to char
acterise indefinite  active intervention. This means the court's 
reasoning was developed specifically for passive systems, leaving 
it unresolved in Swedish case law whether Chapter 10 remediation 
obligations can encompass indefinite active intervention—such as 
repeated injections required for PFAS stabilisation over extended 
timeframes—or when such obligations might be considered 
satisfied.

This legal architecture creates a paradoxical incentive structure 
illustrated in Fig. 1.

4.4. Risk assessment methodologies in Swedish practice

Swedish risk assessment frameworks require three conditions 
for a genuine contamination risk: (1) the presence of a source 
containing hazardous substances that can be released; (2) active 
transport mechanisms (such as groundwater flow through soil or 
sediment) that enable contaminant mobility; and (3) receptor 
systems (human populations, aquatic ecosystems, or drinking 
water resources) that may experience harmful exposure. When all 
three elements are present, adverse effects become possible 
([51];21).

The practical application of Chapter 10 SEC remediation obli
gations depends on risk assessment methodologies that translate 
statutory requirements into operational criteria for site investi
gation and remediation decision-making. Swedish practice relies 
on two interconnected approaches: MIFO (Metodik f€or Inventering 

Fig. 1. The PFAS Remediation Paradox. Two structural gaps create misaligned liability 
exposure: (1) the legal classification  gap (detailed in Fig. 2)—uncertainty whether 
stabilisation constitutes Chapter 2 prevention or Chapter 10 remediation; (2) the li
ability endpoint gap—absence of criteria determining when remediation obligations 
are fulfilled  if contamination persists under management. This misalignment sys
tematically incentivises excavation despite its environmental and economic 
inferiority.
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av F€ororenade Områden, translated into English as Methods for 
Inventories of Contaminated Sites) for contaminated site investi
gation and risk classification,  and SEPA's risk-based guideline 
values for contamination assessment.

MIFO assigns risk classifications ranging from 1 (very high risk) 
to 4 (low risk) based on the combined assessment of hazard 
properties, contamination levels, migration potential, and sensi
tivity/protective value of the site ([52];14-16). The assessment 
considers intrinsic contaminant hazard, transport pathways 
through different media, quantities of contaminants present at the 
site, level of protection required for the exposed environment and 
sensitivity of exposed human groups ([53];40). The risk classifi
cations provide a basis for setting priorities for further investiga
tion and remediation, and for determining what additional site 
characterisation is required ([52];14).

SEPA has established generic guideline values that specify 
concentration thresholds for contaminants under different land 
use scenarios. The framework distinguishes between K€anslig 
Markanv€andning (KM), encompassing sensitive land uses such as 
residential areas where continuous human occupancy occurs and 
food cultivation may take place, and Mindre K€anslig Mar
kanv€andning (MKM), covering less sensitive applications such as 
industrial or commercial sites where human exposure is occupa
tionally limited ([54];22-23). Whether a simplified or in-depth risk 
assessment is required is determined case-by-case; practice 
commonly begins with a simplified assessment that may transi
tion to an in-depth evaluation if needed ([51];45).

In the assessments, measured contamination concentrations 
are compared against these threshold values as screening criteria. 
These guideline values are recommendations and are among 
several tools in risk assessment—they are not legally binding 
values, and exceedance of a guideline value does not necessarily 
indicate that adverse effects will occur ([51];49). The model in
corporates four protection objectives: human health for persons 
present on-site (i.e. human exposure), soil ecosystem functions, 
groundwater quality, and surface water quality ([54];23-24). For 
each contaminant, separate threshold values are calculated for 
each protection objective, and the final guideline value represents 

the most stringent of these calculated thresholds ([54];21).
The guidance adopts a long-term time perspective for risk 

assessment, defined as hundreds to thousands of years, to fulfil the 
SEC's goal of promoting sustainable development that ensures 
current and future generations a healthy environment ([54];19; 
see also SEC, Ch. 1 Sec. 1). A fundamental assumption underlying 
the guideline values model is that contamination concentrations 
in soil remain constant over time—that is, no degradation or 
transport away from the area occurs. This conservative assumption 
was adopted due to uncertainties in predicting degradation rates 
and transformation processes for organic substances ([54];50). SGI 
established preliminary generic guideline values for PFOS in 
contaminated soil and groundwater in 2015 ([55];24-25, 27). 
These values are currently under revision in response to the Eu
ropean Food Safety Authority's 2020 assessment, which estab
lished a tolerable weekly intake of 4.4 ng/kg body weight/week for 
the combined exposure to four PFAS substances (PFOA, PFOS, 
PFNA, and PFHxS) ([56]; see also [8];7).

SGI's 2024 recommendations for revised guideline values pro
pose using a 10% allocation factor for the combined concentration 
of PFAS-4 rather than the standard 50% allocation for non- 
genotoxic substances. This restrictive 10% allocation (the same 
level applied to dioxins and PCBs) signals that PFAS-4 is now being 
treated as among the most hazardous and persistent substances in 
environmental regulation. This means that contaminated sites 
should contribute no more than 10% of the tolerable weekly intake, 
with the remaining 90% reserved for unavoidable background 
exposure from food and drinking water sources ([57];25-27).

5. Discussion

The technical analysis in Section 3 above demonstrates that in 
situ stabilisation achieves 80-99% effectiveness in reducing PFAS 
mobility and bioavailability, while Section 4 establishes that 
Swedish environmental law provides multiple frame
works—REACH's adequate control requirement, SEC's BAT pro
visions, and Chapter 10's remediation obligations. Yet this 
technical and legal foundation does not explain why excavation 

Fig. 2. Illustrates the classification  problem: Classification  depends on primary objective (prevention or remediation). PFAS stabilisation serves both equally—no dominant 
objective exists. The result is undefined obligations, indefinite liability, and no closure pathway.
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continues to dominate Swedish practice. The analysis suggests 
that legal uncertainty—specifically, ambiguity regarding liability 
endpoints and remediation completion—systematically drives 
operators toward less cost-effective but legally predictable ap
proaches. This uncertainty is unlikely to be unique to Sweden.

To understand this dynamic, it is necessary to clarify how 
remediation is legally interpreted. Swedish environmental law 
formally establishes that operators remain liable until ‘damage or 
detriment has ceased’ ([44,45] Ch. 2 Sec. 8). The scope of required 
measures is determined by the rules in SEC Chapter 10, particularly 
the reasonableness assessment—and, if risks are reduced to 
acceptable levels through adequate risk management depending 
on land use, the obligation is satisfied.  This risk-based interpre
tation, assessing remediation in terms of managing exposure 
pathways and protecting receptors rather than achieving a 
pollution-free state—consistent with broader European regulatory 
practice.

Yet while this risk-based framework accommodates traditional 
remediation through the reasonableness assessment, it provides 
no statutory mechanism for determining when demonstrated risk 
control in indefinite active management has become ‘sufficiently 
adequate’ to justify operator closure or transition to long-term 
management. For persistent contaminants requiring sustained 
intervention, operators cannot determine when their obligations 
end.

The EU's new Soil Monitoring and Resilience Directive formally 
acknowledges indefinite management of persistent contamination 
as a legitimate remediation approach, yet simultaneously leaves 
unresolved the statutory mechanisms for determining when such 
management satisfies  remediation obligations or enables opera
tors to obtain regulatory closure—revealing parallel structural 
deficiencies in supranational regulatory frameworks.

5.1. Categorical ambiguity: prevention or remediation?

Swedish environmental law does not provide clear criteria for 
classifying indefinite active management measures like PFAS sta
bilisation, which simultaneously prevent further contamination 
spread and manage existing harm. While the reasonableness 
assessment in SEC Chapter 10 functions for traditional remediation 
with defined  endpoints, it offers no guidance for measures 
requiring sustained active intervention. This categorical ambiguity 
creates concrete legal consequences for PFAS: operators cannot 
determine whether Chapter 2 preventive or Chapter 10 remedia
tion obligations apply—and thus cannot determine liability dura
tion. This distinction is critical for indefinite  management, as it 
directly controls duration, proportionality assessments, and pos
sibilities for regulatory closure.

The Fagersta case illustrates that courts have addressed the 
Chapter 2 versus Chapter 10 boundary to some extent, but only in 
fundamentally different circumstances. The Swedish Land and 
Environment Court of Appeal held that landfill  sites requiring 
long-term containment constitute contaminated sites under 
Chapter 10 rather than ongoing operations under Chapter 2 [45]. 
However, Fagersta involved passive containment systems that 
required minimal ongoing intervention. The court's reasoning that 
ongoing management does not preclude Chapter 10 classification 
was developed for passive systems managing discrete, enclosed 
contamination. PFAS stabilisation presents circumstances Fagersta 
did not address: active, repeated intervention through periodic 
carbon reinjection over timeframes extending to (possibly) cen
turies. The contamination is not discrete or enclosed but dispersed 
through the soil. The management is not passive maintenance of 
installed systems but active, ongoing operational intervention 
requiring continuous assessment. Whether such indefinite active 

management constitutes Chapter 2 prevention or Chapter 10 
remediation remains undetermined.

Swedish courts have not yet addressed this scenario, leaving 
operators in legal uncertainty. Without judicial clarification,  op
erators deploying PFAS stabilisation cannot determine which legal 
regime governs their obligations, when those obligations might be 
satisfied,  or what possibilities exist for regulatory closure. This 
reflects an acknowledged structural gap in Swedish law itself. The 
absence of applicable case law is symptomatic of the underlying 
problem: the statute and guidance materials provide no mecha
nism for classifying measures designed to serve both preventive 
and remedial functions inseparably. SEPA's own classification cri
terion (primary objective) cannot resolve what is, by design, a 
measure with dual and equal primary purposes. This methodo
logical gap in the regulatory framework is thus the structural root 
of the classification ambiguity that undermines operators' ability 
to determine their legal obligations.

One might argue that Swedish environmental law does provide 
mechanisms for staged remediation: pr€ovotider (probation pe
riods) allow operators to implement and evaluate measures under 
continued regulatory oversight, and deldomar (partial decisions) 
enable phased implementation of remediation measures. How
ever, these mechanisms primarily address the timing and 
sequencing of remediation, not the determination of liability 
endpoints. Even within such frameworks, the fundamental ques
tion remains unresolved: under what conditions can an operator 
transition from ongoing management to formal closure? These 
instruments presuppose that such an endpoint can ultimately be 
identified, but they do not provide criteria for identifying such an 
endpoint in cases involving long-term or indefinite stabilisation.

5.2. The liability endpoint problem

As mentioned above, perhaps the most consequential gap in 
Swedish environmental law concerns temporal boundaries for 
indefinite active remediation management. For PFAS contamina
tion requiring sustained intervention, Swedish law does not clarify 
what level of risk control constitutes ‘cessation of damage’ when 
the contaminant remains under ongoing control. The reasonable
ness assessment addresses whether measures are proportionate 
and economically justified  but provides no criteria for when in
definite active intervention can transition to closure or long-term 
management—creating interpretive ambiguity that alters the 
economic calculus of remediation method selection.

This reflects  a conceptual gap: Swedish environmental law 
does not provide a clear framework for distinguishing between 
‘active remediation’ and ‘indefinite  management’. Traditional 
remediation assumes an endpoint, where the operator imple
ments measures, demonstrates effectiveness through monitoring, 
and eventually receives regulatory approval to cease active man
agement. Stabilisation, however, requires indefinite  monitoring 
and maintenance to ensure continued effectiveness over time
frames of decades to centuries, with no mechanism for deter
mining when the operator's obligation transitions from active 
remediation to long-term management or when such obligations 
might be considered fulfilled. This gap reflects a deeper mismatch: 
REACH requires ‘adequate control’ of risks, while SEC Chapter 10 
implicitly assumes an endpoint where damage cessation can be 
determined and operator liability terminated—a distinction that 
existing law does not articulate.

In Swedish environmental law, long-term monitoring is not 
treated as a separate category of responsibility but forms part of 
the broader remediation obligation. Responsibility for monitoring 
is thus allocated according to the same framework as remediation 
liability itself—typically assigned to the operator who caused the 
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contamination, but subject to transfer agreements between 
operators.

For traditional remediation projects with defined  endpoints, 
this framework functions adequately. However, when PFAS stabi
lisation requires indefinite  management—ongoing monitoring 
and repeated treatment over decades to centuries—this allocation 
structure becomes strained. Without a clearly defined endpoint for 
determining when the operator can transfer responsibility to 
public authorities or successors, long-term monitoring obligations 
may, in practice, remain with the original polluter over extended 
periods, even as site ownership changes. This creates a situation of 
legal uncertainty: the operator who originally caused contamina
tion may face difficulty in obtaining regulatory closure and cannot 
determine when long-term management obligations may be 
considered fulfilled,  regardless of how effectively risk control is 
maintained.

The SEC Chapter 10 reasonableness assessment functions 
adequately for traditional remediation projects by balancing what 
is environmentally justified, reasonable in terms of cost, time that 
has passed, and other circumstances, to determine proportionality. 
However, for PFAS stabilisation requiring indefinite  active man
agement, its factors offer limited guidance: while stabilisation is 
technically feasible, economically proportionate, and achieves 
substantial environmental benefits,  these factors do not address 
when indefinite active intervention can be considered ‘complete’ 
or when responsibilities can transition from the operator. The 
reasonableness assessment offers no principle for determining 
when indefinite active management satisfies remediation obliga
tions or when temporal liability should end.

This creates an asymmetry specific  to indefinite  active man
agement. Stabilisation can be technically compliant—achieving 
adequate risk control as demonstrated through SEPA's risk 
assessment methodology—while remaining legally uncertain 
because no endpoint mechanism exists for determining when 
active intervention can cease. An operator implementing stabili
sation that maintains Risk Characterisation Ratios below 1.0 for 
decades has technically satisfied  REACH's adequate control 
requirement and achieved substantial risk reduction under SEC 
Chapter 10. Yet the reasonableness assessment provides no 
mechanism for determining when indefinite active management 
has achieved sufficient  duration or performance to justify regu
latory closure. The temporal perspective appropriate for assessing 
PFAS risks (centuries) vastly exceeds institutional planning hori
zons (decades).

5.3. Legal uncertainty, regulatory discretion, and misaligned 
incentives

The categorical ambiguity and liability endpoint gaps identified 
above do not merely create uncertainty for operators—they alter 
the regulatory decision-making process itself, which, in turn, 
systematically drives remediation method selection toward tech
nically inferior approaches.

When statutory frameworks provide no clear criteria for clas
sifying indefinite  management measures or determining when 
remediation obligations are fulfilled,  regulatory authorities must 
exercise substantial discretion in interpreting legal requirements 
on a case-by-case basis. SEPA's own guidance explicitly acknowl
edges this problem, recognising that containment measures at 
contaminated sites defy clear categorisation and that “there is no 
clear boundary between preventive measures and remedial mea
sures” ([50];25). This admission reveals that regulators themselves 
lack the statutory tools necessary for consistent application. The 
absence of clear legal criteria means that regulatory decisions 
become inherently inconsistent across cases, jurisdictions, and 

individual case officers. One authority may interpret stabilisation 
as a Chapter 2 preventive measure requiring ongoing BAT 
compliance, while another may classify it as Chapter 10 remedi
ation requiring demonstration that damage has ceased. A third 
authority might apply elements of both frameworks simulta
neously, creating hybrid obligations with no clear endpoint.

This regulatory unpredictability directly influences  operator 
decision-making. When regulatory approval pathways are uncer
tain, operators face not merely technical or economic risk but 
fundamental legal risk—the possibility that their chosen remedi
ation approach will be rejected, reclassified,  or subjected to in
definite  obligations despite achieving adequate risk control. 
Operators implementing stabilisation cannot predict whether 
regulators will grant eventual closure, demand ongoing BAT up
grades under Chapter 2, or maintain indefinite Chapter 10 liability. 
This uncertainty persists regardless of how effectively stabilisation 
achieves risk reduction.

The rational response to this regulatory unpredictability is risk 
avoidance: operators select methods where regulatory approval 
pathways are established and predictable rather than technically 
superior approaches where approval remains uncertain. The 
choice reflects  not technical merit but regulatory risk manage
ment. Excavation provides regulatory certainty—once contami
nated soil is removed and disposed of in a licensed landfill,  the 
operator obtains legal closure. Stabilisation, despite achieving 
equivalent or superior risk reduction, offers no such certainty.

This regulatory discretion problem thus operates as an inter
mediate mechanism through which legal-structural gaps translate 
into systematically inferior remediation choices. Swedish envi
ronmental law's foundational assumptions—that contamination 
can ultimately be eliminated or will degrade naturally—prove 
incompatible with PFAS chemistry. When BAT cannot satisfy legal 
expectations of definitive remediation completion, operators 
rationally optimise individual liability management rather than 
environmental protection. While institutional inertia and unfa
miliarity with emerging technologies may contribute to excava
tion's continued dominance, these factors cannot fully explain the 
persistence of technically inferior approaches when economic 
analyses and grant programmes all explicitly encourage alterna
tives. The legal uncertainty identified  above provides a more 
fundamental explanation: operators rationally avoid legally 
ambiguous approaches regardless of technical merit.

This regulatory failure creates a misaligned incentive structure: 
operators who implement BAT by choosing stabilisation face 
increased liability exposure, while those selecting technically 
inferior approaches obtain decreased liability. Operators who 
achieve environmentally advantageous outcomes through stabi
lisation face indefinite  monitoring obligations, unquantifiable 
long-term costs, categorical ambiguity about applicable legal re
gimes, and no mechanism for regulatory closure. Operators who 
choose excavation—despite its technical limitations and addi
tional exposure pathways during soil removal and trans
port—obtain definite liability termination and regulatory closure.

This misaligned incentive structure produces a market failure 
at scale. Sweden has identified  over 21,000 potentially contami
nated sites, with PFAS contamination increasingly recognised as a 
widespread concern. At the European level, more than 20 million 
people consume drinking water with PFAS concentrations 
exceeding health-based thresholds. Individual rational deci
sions—choosing excavation to escape liability uncertain
ty—diverge systematically from socially optimal outcomes. The 
cumulative effect is that Swedish environmental law incentivises 
technically inferior remediation approaches across thousands of 
sites, multiplying the environmental and economic costs of the 
framework's structural deficiencies.
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However, this liability closure masks a deeper problem: exca
vation relocates PFAS contamination to landfills,  where current 
treatment capacity is insufficient  to prevent ongoing environ
mental release. A 2022 report by Milj€osamverkan documented 
PFAS in leachate from 165 Swedish landfills across different pha
ses. The highest concentrations involved PFBA, PFBS, PFPeA, 
PFHxA, and PFOS, with maximum concentrations ranging from 
22,800 to 74,600 ng/L. Existing leachate treatment methods do not 
eliminate PFAS migration. Groundwater and surface water adja
cent to the landfills contained PFAS in concentrations correlating 
with leachate levels, indicating direct landfill-to-groundwater 
transfer ([58];9-13).

This demonstrates a fundamental displacement of re
sponsibility. Landfill  disposal transfers PFAS management to fa
cilities that must deal with remediation obligations for future 
generations. Swedish law grants the original operator legal closure 
while shifting monitoring responsibility to landfill  facilities, 
effectively externalising long-term management obligations to 
future operators and generations.

This framework failure extends beyond PFAS to other persistent 
contaminants that cannot be eliminated through available tech
nologies or are inherently non-degradable, including naturally 
occurring metals and persistent organic pollutants such as PCBs. 
This indicates that the paradox identified  in this study reflects a 
broader structural limitation in legal frameworks designed for 
episodic remediation of degradable contamination. As scientific 
understanding advances and additional persistent contaminants 
are identified,  Swedish environmental law will confront similar 
challenges unless foundational assumptions about remediation 
endpoints and liability closure are reconsidered.

Similar challenges may also arise in relation to other long-term 
risk management approaches, such as phytomanagement strate
gies, where contamination is managed rather than eliminated. 
Addressing this misalignment requires structural reform that ac
knowledges technical limitations while maintaining strong envi
ronmental protection incentives and fulfilling  intergenerational 
sustainability obligations.

5.4. Existing elements and the Formalisation gap

Swedish law contains several elements that support long-term 
management obligations through financial assurance mechanisms. 
These frameworks demonstrate that extended, potentially indefi
nite management of environmental risks is compatible with the 
existing legal architecture, even though they do not establish clear 
legal endpoints at which operator liability formally terminates.

Nuclear waste management provides one such example. Under 
the Nuclear Activities Act [59], the licence holder retains primary 
responsibility for the management and disposal of nuclear waste 
(Secs. 10, 12). Financial provisions for long-term management are 
secured through mandatory payments to the Swedish Nuclear 
Waste Fund under the Nuclear Waste Financing Act [60]. Rather 
than transferring liability, the system combines continued oper
ator responsibility with increasing state oversight and long-term 
regulatory supervision.

A comparable structure exists in mining waste management. 
The EU Mining Waste Directive [61] requires operators to establish 
waste management plans and provide financial  guarantees to 
ensure that sufficient  funds are available for closure, rehabilita
tion, and necessary post-closure measures (Arts. 5, 12, and 14). In 
Sweden, these requirements are implemented through the SEC 
and the Extractive Waste Ordinance [62]. While mine closure 
marks a transition from active extraction to monitoring and 

maintenance, it does not constitute a legal endpoint at which re
sponsibility formally terminates.

Both frameworks thus distinguish between operational phases 
and long-term management phases, supported by financial 
assurance mechanisms and regulatory oversight. However, neither 
framework establishes a clearly defined statutory trigger at which 
operator liability formally terminates or transfers to the state.

These precedents do not automatically address PFAS contami
nation. While Sweden already possesses legal mechanisms 
capable of supporting indefinite environmental management (as 
demonstrated by nuclear waste and mining frameworks), these 
emerged to govern single, geographically discrete facilities with 
defined  closure procedures. PFAS requires management of 
dispersed contamination across thousands of sites with indefinite 
active intervention over multiple institutional generations—a 
fundamentally different problem. The structural gap, therefore, is 
not the absence of legal mechanisms but the absence of statutory 
criteria specifying when and how operators may transition be
tween phases of responsibility once adequate risk control has been 
demonstrated. SEC Chapter 10 provides no equivalent mechanism 
for determining when remediation measures—such as PFAS sta
bilisation—can be considered sufficiently  effective to justify a 
transition from active management to long-term management.

Extending existing Swedish approaches to PFAS stabilisation 
would therefore require three complementary mechanisms. First, 
graduated responsibility structures could distinguish between an 
initial remediation phase—during which operators implement 
stabilisation measures and demonstrate adequate risk con
trol—and a subsequent long-term management phase, in which 
obligations shift toward monitoring and maintenance under 
continued regulatory oversight. Second, temporal and 
performance-based criteria could establish defined  conditions 
under which such a transition may occur, analogous to closure and 
post-closure distinctions in mining law. Third, mandatory financial 
assurance mechanisms—such as bonding or dedicated 
funds—would ensure that resources remain available for long- 
term monitoring and risk management, consistent with existing 
requirements in both nuclear and mining frameworks.

These mechanisms do not require the creation of entirely new 
legal constructs. Rather, they build on existing elements within 
Swedish law—operator responsibility, financial  assurance, and 
regulatory supervision—while addressing the current lack of 
clearly defined transition criteria.

Realising these structural mechanisms would require statutory 
clarification of three operational elements. First, trigger conditions 
must specify when operators may transition from active remedi
ation to long-term management—potentially defined  through 
risk-based criteria (e.g., maintained Risk Characterisation Ratios 
below 1.0 combined with approved long-term monitoring pro
tocols). Second, financial  assurance requirements must ensure 
resources exist for indefinite management. Methods could range 
from bonding and escrow accounts to dedicated long-term man
agement funds, but the appropriate mechanism requires tailored 
design for PFAS-specific  contexts. Third, regulatory approval 
workflows must establish procedures for reviewing transition 
petitions and granting formal closure, currently absent from SEC 
Chapter 10.

These elements require statutory design choices; no estab
lished models exist to import directly from other jurisdictions. 
Careful legislative and regulatory development, tailored to PFAS- 
specific  long-term management contexts, is therefore necessary. 
This analysis identifies the structural necessity and legal principles 
underlying reform; the operational detail remains for subsequent 
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policy analysis and statutory drafting.
Would operators actually implement such a reform if given the 

option? Analysis of actual remediation projects suggests they 
would.

The economic consequences of this structural gap are demon
strated by empirical cost-benefit  analysis from Swedish PFAS 
remediation projects. Table 1 presents the probabilistic assess
ment of remediation alternatives at Stockholm Arlanda Airport, 
which evaluated capital costs, long-term monitoring re
quirements, and net present value (NPV) over a 120-year time 
horizon using a 3.5% social discount rate [15].

The Arlanda study demonstrates that stabilisation achieves 
substantial cost advantages across contamination scenarios, with 
net present value savings ranging from 14.1 million Swedish Kro
nor (MSEK) to 123 MSEK, depending on contamination extent. 
These savings reflect lower capital requirements, reduced trans
port and disposal costs, and decreased environmental external
ities—advantages that persist even when accounting for century- 
scale monitoring obligations appropriate to PFAS persistence [15].

However, economic optimisation does not automatically 
determine legal compliance or operator incentives. The study 
demonstrates what is technically and economically optimal; 
Swedish law determines what is legally permissible and when 
obligations are fulfilled.  This distinction between economic evi
dence and legal framework explains why operators may rationally 
select inferior approaches despite superior cost-benefit profiles.

To illustrate the legal implications of this economic divergence, 
Table 2 interprets the liability structures implied by the current 
SEC Chapter 10 framework and the proposed reform model.

Under existing SEC Chapter 10 provisions, an operator imple
menting stabilisation at Arlanda would realise the documented 
123 MSEK cost advantage only by accepting continued manage
ment obligations with no explicit legal endpoint. Liability would 
extend beyond institutional planning horizons with unquantifi
able long-term costs. The proposed reform mechanisms would 
realign these incentives. Graduated liability tiers with temporal 
transition criteria and mandatory financial assurance would pro
vide operators with a pathway to regulatory closure once adequate 
risk control is demonstrated and long-term management funding 
is secured, allowing economic optimisation to align with envi
ronmental protection.

6. Conclusions

Unlike prior PFAS remediation literature emphasising technical 
effectiveness and cost-benefit,  this analysis identifies  a critical 
legal-structural driver of method selection: SEC Chapter 10's 

silence on liability endpoints for indefinite  management. When 
stabilisation requires ongoing management, but law provides no 
closure mechanism, operators face indefinite  liability exposur
e—while excavation provides definitive termination. This asym
metry systematically incentivises technically inferior choices, 
reflecting  rational adaptation to legal uncertainty rather than 
environmental optimisation.

The implications are immediate and concrete. Operators face a 
legal landscape where the best technical practice increases lia
bility exposure compared to deliberately inferior approaches, 
creating a counterproductive incentive structure that will magnify 
as new persistent contaminants are identified. Swedish law lacks 
clear statutory guidance and established legal mechanisms to 
satisfy conscientious actors that adequate risk control will fulfil 
remediation obligations—and until it does, the misaligned in
centives will persist.

Resolving this paradox does not require untested legal inno
vation. Sweden already operationalises indefinite  management 
through financial  assurance mechanisms in nuclear waste and 
mining law. While PFAS contamination presents distinct chal
lenges requiring tailored statutory design, the structural principles 
underlying nuclear waste and mining frameworks suggest a path 
forward. Graduated responsibility tiers distinguishing initial 
remediation from long-term management, performance-based 
transition criteria analogous to mining law closure distinctions, 
and mandatory financial  assurance ensuring resources for per
petual monitoring—adapted specifically  for PFAS stabilisa
tion—could align private incentives with environmental 
protection while drawing on established Swedish precedent.

While this analysis focuses on PFAS, these structural in
adequacies will apply to any persistent contaminant that cannot 
be definitively managed, suggesting that necessary legal reforms 
extend beyond PFAS to all substances requiring indefinite  man
agement. Future research must operationalise these reform 
mechanisms for PFAS and other persistent contaminants through 
appropriate statutory detail.
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Table 1 
Cost-Benefit Comparison of PFAS Remediation Alternatives ([15]:6). All values in MSEK (Million Swedish Kronor). NPV stands for Net Present Value over a 120-year horizon at 
a 3.5% discount rate. ‘Large spread’ and ‘small spread’ refer to cost ranges across different contamination scenarios.

Remediation Method Total Costs Environmental Benefit NPV (120 years)

Excavation þ Landfilling 141 MSEK (large spread)/77.3 MSEK (small spread) Baseline 0 MSEK (reference)
Stabilisation þ Activated 

Carbon
94.5 MSEK (large spread)/69.8 MSEK (small spread) Reduced transport impacts, avoided ecosystem 

damage
+123 MSEK/+14.1 
MSEK

Table 2 
Liability Consequences Under SEC. Analysis based on the current SEC Chapter 10 framework and the proposed reform model. Time estimates (20–30 years) are illustrative 
based on PFAS monitoring requirements; actual transition timing would depend on demonstrated risk control and regulatory approval.

Remediation Method Current Law Proposed Reform

Excavation þ Landfilling Liability termination upon regulatory acceptance Unchanged: de facto closure pathway
Stabilisation þ Activated 

Carbon
Indefinite liability: no closure mechanism despite technical 
effectiveness

Defined transition: closure possible after 20–30 years demonstrated risk 
control + financial assurance
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