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A B S T R A C T

Environmental regulation forces many industrial sectors to explore alternative innovative compliance invest-
ments to internalize environmental externalities without hindering competitiveness. The impacts of air
emissions associated with climate change and other global and local sources on health and ecosystems are a
main concern. Under the Industrial Emissions Directive (IED), the European Union requires that industrial
facilities obtain an operating permit linked to specific emissions levels that can be reached through applica-
tion of the best available techniques (BAT). Some flexibility is allowed in the choice of these BATs, and in
some cases, derogations can be obtained if a cost-benefit analysis (CBA) accounting for all private and social
costs and benefits reveals that the BAT option results in disproportionate costs. CBAs depend on complex var-
iables that are subject to a high degree of uncertainty, such as the social discount rate (SDR), the private
weighted average cost of capital (WACC), and the value of the social or external costs derived from changes
in air emissions. Through a case study comparing two alternative compliance options in a fictitious nonfer-
rous metal plant (a BAT with disproportionate costs and a more cost-efficient and cost-effective derogation
proposal), this study applied fuzzy-set qualitative comparative analysis (fsQCA) to improve the understand-
ing of how the former uncertain variables affect the surplus net present value (SNPV) of the derogation
option. The results can be considered by plant operators and policy-makers to design more transparent and
balanced licensing processes, which can improve environmental protection without damaging economic
competitiveness.

© 2021 The Author(s). Published by Elsevier España, S.L.U. on behalf of Journal of Innovation & Knowledge.
This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
Keywords:

Environmental compliance investment
Decision to invest
CBA
Complexity
fsQCA

JEL codes:
G31
E27
Q51
Introduction

Environmental concerns are one of the main driving forces
behind claims to achieve sustainable development (M�endez-
Picazo, Galindo-Martín & Casta~no-Martínez, 2021). Governments
around the world have subscribed to the sustainable development
goals (SDGs) under Agenda 2030 (Sanz-Ponce, Peris-Cancio &
Esc�amez-S�anchez, 2018), and many sectors and industries are
striving to develop new sustainable business models (David-
West, Iheanachor & Umukoro, 2020). SDGs related to air quality
and climate change stand out for their global and overarching
nature and their dangerous effects on health, the man-made
nd Accounting, University of

mero-Castro), angeles.lopez.
(J. Pi~neiro-Chousa).

España, S.L.U. on behalf of Journal of
environment, society, and ecosystems (Bachmann, 2020; Bach-
mann & van der Kamp, 2014). Environmental regulation has been
enforced in the form of command-and-control and market meas-
ures to reduce the emission levels associated with specific
pollutants (Bachmann & van der Kamp, 2014), and their potential
impact on innovation and competitiveness has attracted great
research interest (Pettersson & S€oderholm, 2014; S€oderholm,
Bergquist, Pettersson & S€oderholm, 2021). This study is placed in
the context of the Porter hypothesis on the positive relationship
between environmental regulation and competitiveness and inno-
vation (Porter, 1991; Porter & van der Linde, 1995), dealing with
how to make environmental investment decisions that simulta-
neously contribute to high economic and environmental perfor-
mance.

The european industrial emissions directive (IED), enforced in
2010, requires that industrial plants obtain an operational permit
that defines their emission limits. It does not prescribe the use of a
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specific technique or technology but introduces the concept of best
available techniques (BAT) (Vajda, 2016; V�azquez-Calvo, Giner-San-
tonja, Alonso-Fari~nas & Morillo-Aguado, 2021), defined as “the most
effective and advanced stage in the development of activities and
their methods of operation which indicates the practical suitability of
particular techniques providing the basis for emission limit values
and other permit conditions designed to prevent and, where that is
not practicable, to reduce emissions as a whole”
(European Parliament, 2010). The BATs for each category of activity
and the associated emission levels (BAT-AEL) are listed in a reference
document known as the BREF document (Reference Document on
BATs) (Giner-Santonja, V�azquez Calvo & Rodríguez Lepe, 2019). Less
stringent emission limits can be set (derogation) if it becomes clear
that achieving BAT-AELs would entail disproportionately high costs
compared with the environmental benefit (Bachmann & van der
Kamp, 2014; Pettersson & S€oderholm, 2014). These derogations
should, in any case, avoid causing significant pollution and contribute
to achieving a high level of protection of the environment as a whole
(Masnicki, 2018).

Both the licensing and derogation processes under the IED have
been considered unpredictable, nontransparent, and uncoordinated
across competent authorities (Pettersson & S€oderholm, 2014;
S€oderholm et al., 2021), and a more balanced approach to the appli-
cation of the BAT conclusions has been demanded (Masnicki, 2018).
Previous literature on BATs has mainly focused on their technical and
environmental issues, while the economic analysis of the decision to
invest in emissions abatement has received little attention. This is
mainly due to the difficult valuation of the external (environmental)
costs and benefits that should be included, together with private
costs, under a Cost-benefit analysis (CBA). These external costs and
benefits require the estimation of damage costs and an uplift factor
that are difficult to value in monetary terms and are subjected to big
uncertainties. Among the private costs, financial costs have been
somewhat disregarded in previous research, without considering the
effects of deciding on different financing sources (mainly equity or
debt) to fund environmental private investments. Moreover, estima-
tion of a Net Present Value (NPV) in a CBA requires deciding on the
proper social discount rate (SDR) to apply, which is a highly contro-
versial issue with intergenerational equity implications. Thus, it can
be seen how all these variables involved in a CBA are subjected to
great uncertainty and some degree of arbitrariness, subjectivity and
discretionary choices both by plant operators and policymakers. This
creates a complex context to make decisions that hinder the predict-
ability, transparency and uniformity of the granting of derogations.

This study is aimed at highlighting important issues to consider by
both public authorities and plant operators in the economic evalua-
tion of BAT investments and derogation alternatives, suggesting how
an innovative combination of analytical methods can help in delimit-
ing the value of important parameters and designing more cost-effec-
tive and cost-efficient emission abatement strategies. The main
contribution of this study is to reveal how these parameters interact
through complex relationships. These complex relationships create
flexibility for plant operators to justify alternative environmental
compliance alternatives, and demand clearer and more concrete
guidelines from public authorities on how to carry out their economic
evaluation, guaranteeing a balance between economic and environ-
mental objectives.

The empirical approach starts with the development of a CBA on
two alternative compliance options in a fictitious industrial plant
(investing in a BAT that results in disproportionate costs or applying
for a derogation to achieve relevant emission reductions through
more cost-efficient and cost-effective investments). A Monte Carlo
simulation is run to create alternative valuation scenarios. These sce-
narios are then treated as cases in a fuzzy-set qualitative comparative
analysis (fsQCA) to identify the most relevant antecedents or condi-
tions of the surplus NPV (SNPV) created by the alternative and most
2

economically efficient derogation option (compared to the BAT
option with disproportionate costs), and to verify how high and low
levels of the conditions (CBA parameters) can be combined in alterna-
tive configurations leading to the same outcome (high or low SNPV).
The results confirm the important role of financial private costs mea-
sured through the weighted average cost of capital (WACC) and
revealed the complex relationship between the decision to invest in
alternative compliance options (BATs or derogations) and the appro-
priate SDR to apply, the monetary valuation of externalities (damage
costs) and their evolution over time (uplift factor). Policy-makers
should account for this complexity and the uncertainty implicit in
the CBA required to apply for a derogation, attempting to set clearer
criteria and to guarantee competitiveness and keep industrial instal-
lations operative (Masnicki, 2018). Plant operators can explore the
combination of CBA, Monte Carlo simulation and fsQCA to justify a
derogation application, identify the factors that condition a higher
NPV of a derogation option and use these results to design a better
derogation proposal.

The rest of the paper is organized as follows: Section 2 reviews
previous literature and formulates some propositions to be tested
regarding the relationship between the main variables involved in a
CBA to decide on the best compliance option and the final decision.
Section 3 presents the case study and the main methodological
aspects of the research. Section 4 builds on the presentation and anal-
ysis of results. Section 5 develops the discussion and Section 6 the
conclusions, implications, limitations and future development of the
research.

Literature review and propositions

The impact of environmental regulation on competitiveness and
innovation has been evaluated in past research under the Porter
hypothesis, proposing that well-designed regulation increases inno-
vation and improves both environmental and economic performance
(Pettersson & S€oderholm, 2014; S€oderholm et al., 2021). In a recent
study, Venmans, Ellis and Nachtigall (2020) confirmed no significant
effect of carbon pricing on competitiveness, although they acknowl-
edge that this can change with the increase in CO2 allowance prices
and the end of free allocation to companies. Innovation is a funda-
mental element for economic development that should be viewed
both as a process and as an outcome (Saunila, 2020). Economic and
sustainability innovation can be reached simultaneously through
open innovation (Rauter, Globocnik, Perl-Vorbach & Baumgartner,
2019) and the existence of a virtuous circle between the sustainable
demand of products and sustainable manufacturing (Ilg, 2019). How-
ever, Bae (2017) verified that pollution control efforts relying on pub-
lic pressure are reduced when economic conditions are hard
(unemployment, plant closings). Therefore, no general agreement
has been reached on the impact of environmental regulation on com-
petitiveness and innovation, and abatement costs are acknowledged
to be significant (Pinto, Szklo & Rathmann, 2018). Regulators have
tried to increase flexibility to comply with environmental regulations
through alternative developments. The identification of BATs and the
possibility of applying for derogations are the most outstanding.

Previous literature on BATs has primarily focused on developing
multicriteria decision models for the selection of BATs or the analysis
of AELs at the sector or facility level (Ancora, Zhang, Wang, Schreifels
& Hao, 2016; Dellise, Villot, Gaucher, Amardeil & Laforest, 2020;
Giner-Santonja et al., 2019; Telenga-Kopyczy�nska & Jonek-Kowal-
ska, 2021). Economic criteria involve the monetization of both private
and social or external costs and benefits, yet the latter have been fre-
quently disregarded. Even those studies that have performed a CBA
to analyze or compare BATs or other environmental improvement
investments (Bartela, G»adysz, Andreades, Qvist & Zdeb, 2021; Wu &
Lin, 2021; Zis, Angeloudis, Bell & Psaraftis, 2016) have quite often
only considered private costs and savings. Few studies have included
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also social costs in the economic assessment of air pollution reduc-
tion measures (�Cetkovi�c, Laki�c, �Zarkovi�c, Đurovi�c & Vujadinovi�c,
2021). To the best of our knowledge, only one previous study has
applied CBA to evaluate the application for a derogation (Bachmann
& van der Kamp, 2014). But their study does not conduct any sensitiv-
ity analyzes and is primarily focused on explaining the process of
monetizing environmental impacts as external costs. Moreover, none
of these studies has paid specific attention to the high uncertainty
affecting different CBA variables, such as the private financial costs to
be assumed by operators (measured through the weighted average
cost of capital or WACC), the social discount rate (SDR) to apply in
the calculation of the NPV or the monetization of the external or
social costs of air emissions.

Few previous studies have approached the issue of which is the
better financial resource to fund environmental investments. The use
of debt or equity has important implications in terms of financial
costs and different levels of control and decision rights (Anyan-
gah, 2010), with equity assumed to bear higher financial costs than
debt and being associated with greater managerial freedom. BAT
compliance options are usually capital intensive and imply high capi-
tal expenditures (CAPEX). Scarpellini, Marín-Vinuesa, Portillo-
Tarragona and Moneva (2018) and Aranda-Us�on, Portillo-Tarragona,
Marín-Vinuesa and Scarpellini (2019) found that most companies
finance eco-innovation, eco-design or similar investments with their
own funds. A higher WACC derived from a greater proportion of
equity in the capital structure of a BAT investment would contribute
to its economic inefficiency and favour alternative compliance
options with lower CAPEX. However, this is not straightforward since
the surplus NPV will also depend on the SDR and other variables.
Therefore, the first proposition to be tested through fsQCA is formu-
lated as follows:

Proposition 1. A high WACC is present in configurations leading to a
high surplus NPV justifying a derogation but is not sufficient to create
this outcome.

Defining an SDR is a complex issue, and there is much debate
around the appropriate SDR to apply in the evaluation of investments
related to environmental goods (Bachmann & van der Kamp, 2014;
Cordes, 2017). This finding is related to the consideration of intergen-
erational equity reasons (S�aez & Requena, 2007), since higher SDRs
imply heavily discounting the future (Cordes, 2017) and making
future generations' preferences count less than our present ones
(S�aez & Requena, 2007). While some argue that future environmental
values should not be discounted, others defend the need to discount
proposing alternative solutions such as applying a decreasing or dif-
ferent rate to social benefits and private costs (Bachmann, 2020; S�aez
& Requena, 2007). The choice of an SDR greatly conditions decision-
making in selecting one project over another (Thomas & Chindar-
kar, 2019). In the context of this study and considering a positive and
constant SDR and that higher SDRs negatively affect compliance
options with higher private and social benefits (cost savings in the
context of this study), a second proposition was defined:

Proposition 2. A low SDR is present in configurations leading to a high
surplus NPV justifying a derogation but is not sufficient to create this
outcome.

The final most controversial issue in conducting a CBA involving
environmental assets (air quality in this case) is the valuation or
monetization of the external or social costs and benefits associated
with changes in those environmental goods. Externalities are defined
as impacts that affect an economic and social group but are not
accounted for or compensated by the producer (Bachmann & van der
Kamp, 2014). External costs, or damage costs, are the monetary value
of externalities (Ravina, Panepinto & Zanetti, 2018). Environmental
regulation can use market mechanisms to force companies to inter-
nalize those external costs (e.g., through emission allowances or
taxes), creating a market price for those externalities (Bachmann &
3

van der Kamp, 2014). However, most of these externalities have non-
observable market prices. Different methodologies have been formu-
lated for the valuation of externalities, with marginal damage costs
being the best fit for the CBA valuation framework (Bachmann, 2020;
Bachmann & van der Kamp, 2014). One of the most recognized
approaches to value externalities is the impact pathway approach,
first developed within the European ExternE project, based on fol-
lowing the pathway from source emissions via quality changes of air,
soil, and water to physical impacts (Ravina et al., 2018). There are
high uncertainties related to these methods (Bachmann, 2020;
Ravina et al., 2018). Uncertainty (volatility) also affects those exter-
nalities with a market price, such as emissions allowances under the
European CO2 emissions trading scheme, affecting the profitability of
alternative investment options (Hnydiuk-Stefan, 2019). Moreover, all
the methodologies applied in the valuation of damage costs are based
to a greater or lesser extent on the analysis of the individual preferen-
ces of the population and its willingness to pay for higher environ-
mental quality, which should increase over time due to the
improvement of living standards. Therefore, it is common practice to
consider an uplift factor for damage costs corresponding to future
years. In this way, the valuation of externalities in a CBA depends on
two main factors: the estimated damage cost for each pollutant (e.g.,
CO2, SO2, NOX) and the uplift factor considered to increase the dam-
age cost over time. Assuming that a derogation proposal should be
focused on achieving similar or higher environmental protection
than the BAT option, a higher valuation of their social costs and bene-
fits associated with air emissions should result in a higher NVP of the
derogation option. Two propositions are defined:

Proposition 3. Higher damage costs are present in configurations lead-
ing to a high surplus NPV justifying a derogation but are not sufficient to
create this outcome.

Proposition 4. A high uplift factor is present in configurations leading to
a high surplus NPV justifying a derogation but is not sufficient to create
this outcome.

However, an interesting issue to consider when accounting for the
environmental performance obtained through an environmental
investment is that different compliance options can have different
impacts on different pollutants. In fact, many emissions reductions
are obtained as co-benefits from the application of compliance
investments related to specific pollutants (e.g., reduction in mercury
emissions associated with processes implemented to reduce CO2

emissions, see Ancora et al., 2016). In the specific case of the analysis
of derogations, compliance options alternative to BATs may imply
these co-benefits and even a trade-off of environmental benefits
between the BAT and the derogation options. A relevant question
arises around the convenience of focusing on abatement measures
with a greater impact on the reduction in emissions with higher dam-
age costs. Therefore, it is interesting to analyze the interactions
between alternative pollutants and how they relate to the surplus
NVP of derogation over a BAT. No specific proposition was defined to
test this process. Instead, an exploratory approach was adopted to
analyze how a different assessment of damage costs on different pol-
lutants can determine the higher surplus NPV of a derogation com-
pared with a BAT compliance option.

Method

Case study

This research adopts a case study perspective considering alterna-
tive investments in emissions abatement technologies in a nonfer-
rous metal factory, to evaluate their cost efficiency through the NPV
obtained in a CBA. Since the assessment of environmental impacts
needs to be placed in a specific geographical or local context and
related to a specific manufacturing activity, this study is focused on



Table 1
Parameters and input data for the CBA.

Concept Value

NPV calculation year 2020
Time horizon 17
WACC 10%**
SDR 5.0%**
SO2 tax (€/TON) 70 €
NOX tax (€/TON) 36 €
CO2 (€/TON) 50.42 €**
CO2-traded (€/TON) 28.00 €**
HF (€/TON) 4336.39 €**
PM (€/TON) 30,042.24 €**
SO2 (€/TON) 7302.13 €**
NOX (€/TON) (excluding PM) 13,848.75 €**
UPLIFT Factor 2.25%**
CAPEX BAT 15,000,000 €
CAPEX derogation 4500,000 €
OPEX BAT* 215,000 €
OPEX derogation* - 865,000 €
* These OPEX figures include neither the pri-

vate (internalized) costs of air emissions nor the
social costs.
** Central values. These variables will be

treated as conditions in alternative fsQCA model
specifications.
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the production of aluminium in a fictitious facility placed in Spain.
The case study is built on the experience acquired by the authors in
the development of different research projects in industrial plants to
assess the feasibility of environmental investments. Technical and
economic data were defined with the advice of experts and managers
of similar facilities and considering the descriptions of industrial pro-
cesses contained in the related BREF document (Cusano et al., 2017).
The plant does not currently meet the BAT-AELs associated with BAT
60 concerning fluoride and dust (particulate matter or PM) emissions.
To renew its IED permit conditions, installation of a dry scrubber is
required as BAT to replace its current wet scrubber at a specific emis-
sion point. The high CAPEX associated with this investment moti-
vates the consideration of alternative measures to achieve a similar
or higher environmental performance, applying for derogation. These
alternative measures involve retrofitting the plant to use natural gas
instead of fuel oil and installing starbags in other plant sections. This
process enables reductions in emissions of fluoride, PM, and other
pollutants (SO2, NOX, CO2), similar or higher than those that would be
obtained by installing the dry scrubber, allowing for compliance of
the BAT-AEL in global computation in the whole plant and at lower
investment and operation and maintenance costs. Therefore, this is a
potential derogation to the IED that guarantees a high level of protec-
tion of the environment as a whole.

Appendix A reflects the technical and economic detailed data
related to the expected effect (reduction) on air emissions and the
private costs (capital and operating expenditures) of the two alterna-
tive compliance options considered. The next section and Appendix B
provide more detailed information on how the potential values of the
other parameters (WACC, SDR, damage costs and uplift factor)
involved in the CBA of the two alternatives and the Monte Carlo sim-
ulations were defined. These parameters are, then, presented as con-
ditions for the fsQCA in the last section, where the alternative models
to test the effect of these conditions on the defined outcome (SNPV)
will be specified.

Cost-benefit analysis (CBA)

The analysis of investment decisions related to environmental
assets has traditionally been approached through the CBA methodo-
logical framework. CBA is considered a relevant tool in environmen-
tal public and private decision-making (Alam, 2008; Feuillette et al.,
2016; Pearce, Atkinson & Mourato, 2006) because it sets the decision
to spend scarce public or private financial resources under a social
accounting framework (Cordes, 2017). It has been applied to many
different fields (Pascal et al., 2018; Paulrud & Laitila, 2013; Pi~neiro-
Chousa, L�opez-Cabarcos, Romero-Castro & V�azquez-Rodríguez,
2021), but its presence in the scientific literature related to IED dero-
gations is practically non-existing.

In a CBA on environmental investments, all the relevant private
and social benefits and costs should be estimated and included in the
analysis, requiring the valuation of environmental goods or services
that have no market value (Pascal et al., 2018; Pearce et al., 2006). To
conduct this study, various CBA frameworks were taken as a refer-
ence, some specifically related to the IED and the analysis of the pro-
posals for derogations to the IED (EA (Environment Agency), 2017;
EPA (Environment Protection Agency), 2016;
European Commission, 2006, 2015; HM Treasury, 2018). The eco-
nomic valuation of the different abatement alternatives includes:

- The private or internal costs or benefits: those that have a direct
impact on the company, including the investment costs in the tech-
nologies or assets that make it possible to comply with the BAT-AELs
(costs of acquisition of equipment, installation and start-up, opportu-
nity costs, financing costs, etc.), and operation and maintenance costs
(personnel, materials consumption, energy, etc.) in incremental
terms compared to the business-as-usual (BAU) situation (higher or
lower costs), in addition to any additional benefits (savings or higher
4

income) that may derive from the options considered. Appendix A
explains how the private costs and benefits of the two alternative
compliance options considered were defined based on data from
experts and Cusano et al. (2017).

- The social or external costs or benefits: specifically, those
focused on assessing the impact on the environment and health of
changes in emissions into the atmosphere derived from the options
considered compared to the BAU situation. Estimates of the damage
costs associated with the emissions of various types of pollutants
(SO2, NOX, fluoride, particles and CO2) have been generated from var-
ious sources of proven quality and solvency (de Bruyn et al., 2010;
EA (Environment Agency), 2017; EEA (European Environment
Agency), 2014; Institute of Energy Economics and Rational Energy
Use (University of Stuttgart), 2020). Appendix B provides further
explanations on how these values were derived from these sources,
distinguishing between central values, applied in the base case CBA,
and minimum and maximum values that are considered to create
uniform probability distributions for each pollutant damage cost to
be introduced in the Monte Carlo simulation tool.

With all the estimations on benefits (B), costs (C), and investments
(I), the NPV of the two considered compliance options (BAT and dero-
gation) was calculated as the discounted value of the annual cash
flows (CF) at the SDR (Eq. (1)). In addition to other private and social
costs, DCt includes the private financial costs (which depend on the
WACC), while both DCt and DBt include the social costs or benefits
derived from changes in air emissions, which depend on the uplift
factor and the value of the damage costs.

NPV ¼ �I þ
Xn
t¼1

DCFt
1þ SDRð Þt ¼ �I þ

Xn
t¼1

DBt �DCt

1þ SDRð Þt ð1Þ

For the discounting of the CFs, a real SDR of 5% was considered fol-
lowing Campos, Serebrisky and Su�arez-Alem�an (2015), who reported
a 4%�6% range for the SDR employed by the Spanish government in
the evaluation of investment projects across different sectors.
Accounting for the debate on the convenience of applying higher or
lower SDRs, a range of 2.5%�7.5% was set to perform the simulation
analysis.

Table 1 summarizes all the estimates and parameters considered
to perform the CBA of the BAT and derogation options.

All costs and benefits (investment, operation, and external) are
presented in real terms (€2020) without considering the effect of



Table 2
CBA results of the two compliance options.

BAT Derogation

CAPEX present value 22,016,248.32 € 6600,222.42 €
OPEX present value* 2234,335.26 € �13,122,670.36 €
Present value of social costs/benefits 10,353,539.80 € 18,711,354.18 €
NPV �13,897,043.77 € 25,233,802.13 €
SNPV 39,130,845.90 €
* Including the private (internalized) costs of air emissions.
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inflation. Consequently, the appropriate interest rates to determine
both the financial costs of investments and the present value of
future costs or benefits are also rates in real terms.

After obtaining a first NPV calculation for each compliance option
based on the central values considered for the damage costs, WACC,
SDR and uplift factor, two Monte Carlo analyzes with 1000 iterations
were run with Crystal Ball Excel add-in to create the cases to be ana-
lyzed through fsQCA. Monte Carlo simulations are usually applied to
perform a risk assessment on the calculation of a project’s NPV
(Deng et al., 2013). Taking the surplus NPV (SNPV in Eq. (2)) as the
target result, a first simulation (SNPV1) considered SDR, WACC, uplift
factor and a multiplying factor as uncertain variables that move all
the damage costs between their minimum and maximum values. A
second simulation (SNPV2) considers as uncertain variables only the
six damage costs involved in the analysis (HF, CO2, CO2-traded, PM,
NOX-PM and SO2), defining uniform probability distributions around
their respective minimum and maximum values. Each simulation
provided 1000 scenarios that are treated as observations or cases in
alternative fsQCA model specifications.

SNPV ¼ NPVderogation � NPVBAT ð2Þ

Fuzzy-set qualitative comparative analysis (fsQCA)

Charles Ragin (1987, 2000, 2008) proposed qualitative compara-
tive analysis (QCA), based on Boolean algebra, to identify combina-
tions of causal conditions (configurations or paths) that are necessary
or sufficient to explain a specific level of an outcome (Fiss, 2007,
2011). Although QCA was originally proposed to conduct small-N
studies, its application to larger N studies is widely acknowledged
(Fiss, 2011; Ott, Williams, Saker & Staley, 2019; Slager, 2012) and has
contributed to its increased use in management research (Roig-
Tierno, Gonzalez-Cruz & Llopis-Martinez, 2017). fsQCA has been
applied to the study of very different areas (Damian & Manea, 2019;
Kusa, Duda, & Suder, 2021; Maggetti, 2014; Mu~noz & Cohen, 2017;
Ott et al., 2019), but to the best of our knowledge, it has not been
applied in the analysis of environmental investment decisions yet.

As shown in Table 1, the parameters considered in the CBA as
more subject to uncertainty and discretionary choices are taken as
conditions to analyze their relationship with the SNPV through
fsQCA. These conditions are WACC, SDR, damage costs’ uplift factor
and the damage cost estimates related to six types of emissions:
hydrogen fluoride (HF), nitrogen oxide free of particulate matter
(NOX-PM), particulate matter (PM), sulphur dioxide (SO2) and carbon
dioxide, distinguishing between its shadow price (CO2) according to
The World Bank estimates, and the market price of CO2 emission
allowances (CO2-t).

To assess the degree of membership of each observation or case in
each set of conditions and outcomes, a calibration process is con-
ducted based on continuous fuzzy sets with membership scores rang-
ing from 0.0 to 1.0 (Ragin, 2008; Schmitt, Grawe & Woodside, 2017).
Emmenegger, Schraff and Walter (2014) suggest that calibration with
percentiles can be an adequate strategy for continuous variables,
while for categorical data calibration should be based on theoretical
and contextual knowledge. Given that all conditions and outcomes
are continuous variables in this study, calibration is performed with
the help of the calibration function provided by fsQCA 3.0 software
(Ragin & Davey, 2017), using the 75th, 25th and 50th percentiles
(Mu~noz & Cohen, 2017; T�oth, Thiesbrummel, Henneberg & Naud�e,
2015) to determine for full membership (score of 1), full nonmember-
ship (score of 0) and the crossover or point of maximum ambiguity
(score of 0.5), respectively. Pappas and Woodside (2021) consider
that the choice of direct calibration leads to more rigorous studies
which are easier to be replicated and validated.

To decide which paths to include in the final fsQCA solution
(Skarmeas, Leonidou & Saridakis, 2014), this study sets the
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recommended cutoff consistency to 0.8 (Ragin, 2008) and a minimum
frequency of 5 cases to identify sufficiency solutions using the truth
table algorithm of the fsQCA 3.0 software. This frequency threshold
ensures that after deleting all causal combinations where there are
fewer than 5 cases, at least 80% of all cases were retained as recom-
mended by Ragin (2008). A condition is considered necessary when
its consistency value was above 0.9 (Fiss, 2007; Ragin, 2008;
Schneider &Wagemann, 2012).

A solution consistency above 0.75 is usually the minimum accept-
able value (Ragin, 2008). The exploratory nature of this study and the
high uncertainty affecting the causal conditions considered advice
against making simplifying assumptions to create parsimonious and
intermediate solutions based on easy and difficult counterfactuals, so
the complex solution was chosen to report the results (Fotiadis, Yeh
& Huan, 2016; Skarmeas et al., 2014).

Following Slager (2012), necessity and sufficiency analyzes
were developed both concerning the presence or absence of a
high SNPV, respectively identified as SNPV and »SNPV, where
“»” represents the absence of a condition or outcome. The two
simulations create two alternative sets of cases, so the necessity
and sufficiency analyzes were performed four times on four out-
comes through the fsQCA 3.0 estimation software Ragin &
Davey, 2017). Regarding the sufficiency analysis, Eqs. (3) and ((4)
correspond to Models I and II concerning the presence or absence
of a high SNPV1, and Eqs. (5) and (6) correspond to models III
and IV concerning the presence or absence of a high SNPV2. Let-
ters “fs” indicate that the fuzzy-set calibrated values of both out-
comes and conditions are considered.

fssnpv1 ¼ f fsdamage; fssdr; fswacc; fsupliftð Þ ð3Þ

» fssnpv1 ¼ f fsdamage; fssdr; fswacc; fsupliftð Þ ð4Þ

fssnpv2 ¼ f fsco2; fsco2t; fshf ; fsnox; fspm; fsso2ð Þ ð5Þ

» fssnpv2 ¼ f fsco2; fsco2t; fshf ; fsnox; fspm; fsso2ð Þ ð6Þ
Analysis and results

This section first presents the results of the CBA for the two alter-
native compliance options considered (BAT and derogation) and for
the two Monte Carlo simulations run. Then, the fsQCA results on each
set of cases are presented.

CBA and simulation results

Accounting for the private and social costs and benefits of the BAT
investment and the derogation alternative, the CBA revealed a nega-
tive NPV (�13,897,043.77 €) for the BAT option and a positive value
(25,233,802.13 €) for the derogation option, resulting in an SNPV of
39,130,845.90 €. Table 2 summarizes the main components of these
results. Therefore, the BAT compliance option shows disproportion-
ate costs that could justify the concession of a derogation based on
alternative investments that derive higher social benefits at lower
private costs.
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Building on this base scenario, a first Monte Carlo simulation with
1000 trials was performed considering four uncertain variables:
WACC, SDR, uplift factor and a multiplying factor that ranged
between 40% and 160% and was applied to the central values esti-
mated for the damage costs associated with air emissions. The SNPV
(SNPV1) was always positive, ranging between a minimum value of
25,146,593.70 € and a maximum of 61,040,079.66 €. The second
Monte Carlo simulation considers the six damage cost estimates as
uncertain variables. The SPNV (SNPV2) was also always positive, yet
the range revealed by the 1000 iterations was narrower
(29,416,299.47 €−48,847,975.91 €) since the values of the WACC,
SDR and uplift factor remain constant in their base estimates in this
case. Appendix C includes a detailed summary of results from the
two simulations performed, also showing the 25th, 50th and 75th
percentiles applied in the calibration of the variables through the
fsQCA 3.0 calibration function and descriptive statistical data on the
calibrated variables.
fsQCA results

After calibrating the data, the analytical phase is entered, conduct-
ing a necessity and a sufficiency analysis (Maggetti, 2014). The neces-
sity analysis on the four conditions considered in the first simulation
(Table 3) revealed that none of them was necessary for either the
presence or the absence of a high SNPV1, since none reaches a consis-
tency of 0.9.

Tables 4 and 5 show the results of the complex solutions from the
sufficiency analysis on the presence (Model I, Eq. (3)) and absence
(Model II, Eq. (4)) of a high SNPV1. Solution consistency and coverage
were high in both models: respectively, 0.900 and 0.725 in Model I,
and 0.911 and 0.707 in Model II. Three paths were included in each
model’s solution, and they were mirror opposites. This concept was
quite straightforward since the outcome was related to the condi-
tions through a mathematical model. Thus, the results are jointly ana-
lyzed for the two models’ solutions. It is concluded that the more
cost-efficient and environmentally sound derogation option can be
the most valued option (Model I, high SNPV1, Table 4) under different
combinations of conditions: in path 1 (exhibiting the higher consis-
tency and raw coverage) higher damage costs that consider more
pathways of impacts on health and ecosystems were combined with
lower SDRs that imply a lower discounting of environmental benefits
in the future; in path 2 (consistency 0.898, raw coverage 0.309)
higher damage costs were not needed since the combination of a
high uplift factor with a low SDR and a high WACC (that penalizes
the more capital intensive BAT option) also favour the derogation
alternative; and in path 3 (consistency 0.923, raw coverage 0.305) a
low SDR was not necessary since the derogation option was favoured
by the combined effect of applying in the CBA higher damage costs,
uplift factor and WACC.
Table 3
Analysis of necessary conditions for the presence or absence of a high
SNPV1.

SNPV1 »SNPV1
Conditions Consistency Coverage Consistency Coverage

fssdr 0.328927 0.326856 0.757336 0.775458
fsuplift 0.597388 0.58392 0.495615 0.499176
fsdamage 0.747538 0.739134 0.344972 0.351468
fswacc 0.676392 0.659623 0.437466 0.439597
»fssdr 0.774035 0.755834 0.342588 0.344707
»fsuplift 0.487624 0.484066 0.586889 0.600326
»fsdamage 0.344094 0.337663 0.743956 0.752257
»fswacc 0.425351 0.423237 0.661274 0.678001
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The mirror opposite conclusions can be derived from the analysis
of the results for Model II (low SNPV1, Table 5).

Moving to the second set of cases derived from the Monte Carlo
simulation, that considers the six damage cost estimates as uncertain
variables to derive alternative SNPV2 calculations, the necessity anal-
ysis (Table 6) again shows that no condition was necessary to pro-
duce either the presence or absence of a high SNPV2, since none
exceeds a consistency of 0.9. However, it is worth noting that the
highest consistency value corresponds to the damage cost for SO2,
with a higher value favouring the derogation option (consistency of
0.860 for the presence of a high SO2 related to the presence of a high
SNPV2) and a lower value favouring the BAT option (consistency of
0.844 for the absence of a high SO2 related to the absence of a high
SNPV2). This is due to the increase in SO2 emissions associated with
the BAT options, which involves the substitution of a wet scrubber to
install the dry scrubber.

Tables 7 and 8 show the results of the complex solutions from the
sufficiency analysis on the presence (Model III, Eq. (5)) and absence
(Model IV, Eq. (6)) of a high SNPV2, with high consistency and cover-
age in both models: respectively, 0.904 and 0.804 in Model III, and
0.885 and 0.841 in Model IV. The alternative paths included in both
solutions revealed the important role played by the damage cost of
SO2, as derived from the necessity analysis, so it seems to be a ‘quasi’
necessary condition since it is present in all the combinations of con-
ditions leading to a high SNPV2 and four of the six leading to a low
SNPV2. To favour the derogation option (Model III, Table 7), a high
SO2 damage cost can be combined with either a low PM in path 1
(since PM reductions were higher in the BAT option), a high shadow
price of CO2 in path 2 or a high NOX damage cost in path 3 (since the
BAT alternative does not affect CO2 and NOX emissions). The three
paths show high raw coverages above 0.5 (0.531 for path 1, 0.522 for
path 2 and 0.509 for path 3). It is interesting to note that the HF dam-
age cost does not appear in any configuration favouring the deroga-
tion option since both compliance alternatives derive similar effects
on HF emissions.

The analysis of the conditions leading to a low SNPV2 (Model IV,
Table 8) revealed 6 different paths that involve low damage cost esti-
mates for all the emissions considered except for PM (higher reduc-
tions in the BAT option benefited from a higher value of the
associated damage cost). Both high and low damage costs of HF and
CO2 emission allowances (CO2t) are present in different paths. Paths
1, 2 and 3 are the natural mirrors opposite of the three paths in Model
III, showing similar raw coverages above 0.5. Paths 4, 5 and 6 include
more sophisticated configurations (3 or 5 conditions involved) but
show lower raw coverages. Path 4 (consistency 0.906, coverage
0.285) indicates that low damage cost estimates for SO2, HF and CO2

emission allowances favour the BAT option, since it generates an
increase in SO2 emissions and a lower HF reduction compared with
the derogation alternative, and it does not have any significant
impact on the private costs of the plant (purchase of CO2 emission
allowances). Path 5 (consistency 0.877, raw coverage 0.120) also
involves a low price of CO2 emission allowances and a low HF damage
cost estimate, but instead of combining them with a low SO2 damage
cost, it shows high PM, low NOX and low CO2 damage costs. Path 6
(consistency 0.876, raw coverage 0.115) may be more interesting
since it combines high values of the HF damage cost and CO2 emis-
sion allowance price, showing that although the BAT option gener-
ates lower HF reductions and no relevant impact on CO2 emissions
that could lower the associated private costs (purchase of emission
allowances), the higher reduction in PM compensates for the reduc-
tions of CO2 and NOX of the derogation option thanks to a low valua-
tion of their associated damage costs.

As a robustness test, an alternative calibration method with per-
centiles 90th, 10th and 50th was tried, yielding the same configura-
tions or paths and similar consistency and coverage values.



Table 4
Complex solution for the presence of a high SNPV1 (Model I).

Path Combination Raw coverage Unique coverage Consistency

1 »fssdr*fsdamage 0.546566 0.328989 0.955455
2 »fssdr*fsuplift*fswacc 0.309069 0.0914902 0.898107
3 fsuplift*fsdamage*fswacc 0.304582 0.0870032 0.922628

solution coverage: 0.725061.
solution consistency: 0.89927.

Table 5
Complex solution for the absence of a high SNPV1 (Model II).

Path Combination Raw coverage Unique coverage Consistency

1 fssdr*»fsdamage 0.52602 0.315219 0.955919
2 »fsuplift*»fsdamage*»fswacc 0.290429 0.0796278 0.913311
3 fssdr*»fsuplift*»fswacc 0.312499 0.101697 0.9358

solution coverage: 0.707345.
solution consistency: 0.910883.

Table 6
Analysis of necessary conditions for the presence or absence of a high
SNPV2.

SNPV2 »SNPV2
Conditions Consistency Coverage Consistency Coverage

fsco2 0.620913 0.618756 0.46435 0.469542
fsco2t 0.550317 0.545645 0.541705 0.545006
fshf 0.572036 0.566387 0.520678 0.523119
fsnox 0.612552 0.611504 0.468579 0.474657
Fspm 0.434129 0.43577 0.644356 0.656305
fsso2 0.859736 0.844608 0.287759 0.286853
»fsco2 0.467694 0.462504 0.622972 0.62512
»fsco2t 0.54111 0.537805 0.548396 0.553063
»fshf 0.518364 0.515921 0.56841 0.574052
»fsnox 0.473758 0.467681 0.61648 0.617522
»fspm 0.657601 0.645672 0.446043 0.444394
»fsso2 0.274081 0.274962 0.844117 0.859285

Table 7
Complex solution for the presence of a high SNPV2 (Model III).

Path Combination Raw coverage Unique coverage Consistency

1 »fspm*fsso2 0.531379 0.091971 0.969669
2 fsco2*fsso2 0.521729 0.0843559 0.925452
3 fsnox*fsso2 0.508834 0.069185 0.917032

solution coverage: 0.804453.
solution consistency: 0.903657.
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Discussion

Although a CBA analysis of the two alternative compliance options
considered yields a clear indication of the disproportionate costs of
the BAT investment and the more cost-efficient profile of the pro-
posed derogation, it must be acknowledged that these results depend
on the previous estimations made on the different parameters
involved in the CBA, which are subject to great uncertainties and dis-
cretionary choices of the plant operators, and which can be interre-
lated in a complex way.

The fsQCA results verify the compliance with the four main tenets
of complexity theory (Kusa, Duda, & Suder, 2021; Pineiro-
Chousa, Romero-Castro & Vizcaíno-Gonz�alez, 2019; Ragin, 2008),
highlighting how different combinations of conditions (estimates of
the different variables involved in the CBA) can lead to the same out-
come (equifinality) and how the same conditions can be both present
and absent in a given outcome (asymmetry) and need the concur-
rence of other conditions (conjunctural causation). Moreover, in
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models III and IV the results also reveal that there is no straightfor-
ward combination of conditions that can be applied to favour either
the BAT or the derogation option, since although some paths leading
to a high SNPV are the mirror opposite of those leading to a low
SNPV, others are not (causal asymmetry).

Regarding models I and II (that considers combinations of WACC,
SDR damage costs and the uplift factor), it can be highlighted that a
high (low) WACC is present in two of the three paths leading to a
high (low) SNPV, but it is neither necessary nor sufficient to cause a
specific outcome, confirming Proposition 1. A high WACC should be
associated with a higher presence of equity in the capital structure to
finance investments. Therefore, more equity financing favours the
derogation option, and less equity financing favours the less cost-effi-
cient and more capital-intensive BAT option. The role of the WACC is
especially interesting, since it is, on the one hand, the result of the
choices made by the company regarding its capital structure and, on
the other, conditioned by the availability of capital in the financial
system. Regulators should account for this realizing that BAT



Table 8
Complex solution for the absence of a high SNPV2 (Model IV).

Path Combination Raw coverage Unique coverage Consistency

1 »fsnox*»fsso2 0.505966 0.0670111 0.933545
2 »fsco2*»fsso2 0.508507 0.0480094 0.926256
3 fspm*»fsso2 0.504854 0.069274 0.97332
4 »fsco2t*»fshf*»fsso2 0.284781 0.0121315 0.905664
5 »fsco2*»fsco2t*»fshf*»fsnox*fspm 0.12048 0.0248587 0.876625
6 »fsco2*fsco2t*fshf*»fsnox*fspm 0.115338 0.0172538 0.875773

solution coverage: 0.841417.
solution consistency: 0.885107.
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investment alternatives for environmental compliance need a sup-
portive green finance environment. Although, as highlighted by
Scarpellini et al. (2018) and Aranda-Us�on et al. (2019), most compa-
nies rely on internal equity financing to fund environmental invest-
ments, and this favours the choice of more cost-efficient and cost-
effective derogation options, a sustainable and green financial system
could favour the implementation of BAT options that could imply
better environmental performance.

A low (high) SDR is also present in two of the three paths leading
to a high (low) SNPV, but it is again neither necessary nor sufficient
to cause a specific outcome, confirming Proposition 2. A low SDR
implies that future benefits and costs are valued higher than early
benefits and costs and favour the derogation option, while high SDRs
favour the BAT option, since the higher private costs of this more cap-
ital-intensive alternative weigh less in its NPV. This result confirms
previous indications on the conditioning role of the SDR in the selec-
tion of alternative investments (Thomas & Chindarkar, 2019). It is
necessary to note that the role of the SDR is dependent also on the
total value of the external cost and benefits in the different alterna-
tives, which depends in turn on the specific pollutants involved in
each alternative. This makes interesting the analysis of Models III and
IV to acquire a better understanding of how the different pollutants
affected in the BAT and derogation options with a different intensity
interrelate.

Following with the analysis of the results of Models I and II, higher
(lower) dagame costs relate to higher (lower) SNPV and are neither
necessary nor sufficient to create each outcome, so Proposition 3 is
also confirmed. Damage costs are present in two of the three configu-
rations under each model. High damage costs favour the derogation
option combined with a low SDR or combined with a high uplift fac-
tor and WACC (paths 1 and 3 in Model I), while the mirror opposite
configurations favour the BAT option (paths 1 and 2 in Model II).
These results confirm the effect of the social costs of pollution on the
profitability of alternative investment options. Although Hnydiuk-
Stefan (2019) highlights this role concerning those externalities that
have already been priced in the market, such as carbon, in a CBA it is
also possible to include pollutants that do not yet have a market
price.

Similar to damage costs, the uplift factor is also directly related to
the valuation of the social costs or benefits derived from the invest-
ments and, logically, show the same effect: a higher (lower) uplift fac-
tor relates to higher (lower) SNPV1, yet is neither necessary nor
sufficient for each outcome, confirming Proposition 4. A high (low)
uplift factor is present in two of the three configurations, leading to a
high (low) SNPV1.

Based on these results, a more cost-efficient and cost-effective
derogation proposal can be favoured by choosing external (capital
raising) or internal (retained results) equity finance that results in a
higher WACC, or focusing on the reduction of those emissions with
greater influence on the surplus NPV of the derogation option over
the BAT option, either due to their higher reduction potential, higher
damage cost, or higher uplift factor.

Regarding the results from Models III and IV, they illustrate how
emission abatement strategies based on BATs or on alternative
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measures under a derogation proposal can rely on the co-benefits or
trade-offs between different pollutants to favour one option or
another. This analysis allows exploring alternative configurations of
derogation options that may result in a high SNPV, justifying their
approval by the authorities. In this case study, the plant conveniently
counteracted in its derogation proposal the negative effect of the BAT
on the SO2 emissions, considering a specific measure to reduce them
and thus favouring the derogation option. This investment design
can be combined with the same or other measures contributing to
reductions in other pollutants (e.g., CO2 or NOX) also favouring the
more cost-efficient derogation option.

These results confirm that the absence of clear and uniform
(across EU member states) protocols to develop the CBA of a deroga-
tion option can allow plant operators to apply some degree of flexi-
bility and discretionary judgment when making estimations about
the four parameters involved, enabling them to favour the BAT or the
derogation option with their CBA. They also show the difficult posi-
tion of the competent authorities in the granting of derogations with-
out a clear understanding of how the different parameters involved
in the economic assessment of the investment alternatives interre-
late. Plant operators can combine CBA, Monte Carlo and fsQCA to
choose the most attractive environmental investments, either
because they can be internally financed or because they focus on the
reduction of those emissions with greater influence on the SNPV of
the derogation option over the BAT option. fsQCA could in this way
be a complementary tool for plant operators when designing their
investment strategies and identifying the main target pollutants, con-
sidering their co-benefits and tradeoffs and their associated damage
costs (since the same reduction in a different pollutant can create a
higher external benefit due to a higher damage cost estimate). Com-
petent authorities involved in the granting of IED operation permits
and derogations can use these results to guarantee a better balance
between improving air quality and making feasible the operation of
the industrial plants concerned (Masnicki, 2018), setting clearer crite-
ria on the SDR and the damage costs and uplift factor estimates to use
in a CBA.

Conclusion

Whereas one of the objectives of EU environmental regulation is
not to damage competitiveness (Bachmann & van der Kamp, 2014),
the analysis of the decisions to apply for a derogation and how this
can be justified in economic terms seems particularly relevant. The
main contribution of this study is related to the near absence of pre-
vious literature dealing with this specific topic and the scarce atten-
tion paid to the integral assessment of both private and social costs
when conducting CBAs on environmental compliance investments.
The lack of transparency and uniformity of derogation processes
across the EU, the high uncertainties affecting how to value some of
the parameters involved in the CBA, and the possibility of applying
some kind of arbitrary or discretionary judgements when defining
those values, create an interesting ground to acquire a better under-
standing of how a specific decision (invest in BAT or apply for a dero-
gation) can be more or less economically efficient depending on how
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those parameters are valued and combined. This study has shown
how fsQCA, combined with CBA and Monte Carlo simulations, allows
exploring the interrelations between CBA parameters and the CBA
results in a quite straightforward fashion, offering a complementary
tool to make better-informed decisions to both plant operators and
public authorities in charge of granting IED permits and derogations.
fsQCA reveals how these parameters interact through complex rela-
tionships that create flexibility for plant operators to choose among
alternative environmental compliance alternatives, and for public
authorities that must decide on the IED permit and/or derogation
concession searching for a balance between economic and environ-
mental objectives.

The findings from the alternative fsQCA models explored allow to
derive important implications for plant operators and public authori-
ties. Plant operators facing the decision to invest in environmental
compliance should consider the interactions between the different
economic parameters involved in the economic appraisal of the com-
pliance alternatives, mainly paying attention to how to finance
investments, but also considering both the co-benefits and tradeoffs
of the possible actions to improve their environmental performance.
The possibility of allowing discretionary choices from plant operators
that affect the CBA results should be limited fundamentally to the
WACC and the specifically targeted pollutants under each investment
alternative, considering the co-benefits and tradeoffs between their
corresponding damage costs. The WACC depends on the specific
financial structure configured to fund environmental compliance
investments. Plant operators could opt for equity-based finance to
favour less capital-intensive investments and resort to using debt if
more capital-intensive investments are preferred. Regarding the con-
sideration of co-benefits and trade-offs among pollutants, plant oper-
ators should explore through fsQCA their interactions to design cost-
efficient and cost-effective investment strategies (based or not in
BATs).

Similarly, the competent authorities involved in the concession of
operating permits and/or derogations should acknowledge the sensi-
tivity of the results of the CBA to the estimation of its economic
parameters, and attempt to define better decision frameworks
guaranteeing that preserving industrial competitiveness in a deroga-
tion does not imply environmental degradation, and inversely, that
protecting the environment does not come at the expense of compet-
itiveness (Masnicki, 2018). This should be mainly related to the estab-
lishment of clearer criteria on the SDR to be considered in the CBA of
investments in environmental protection and the improvement of
the reference frameworks for estimating damage costs and the uplift
factor. There are many uncertainties and knowledge gaps regarding
the impacts of pollution on health, ecosystem services, and their
derived direct and indirect social and economic impacts, so more
research is needed to reduce these uncertainties and knowledge gaps
(Pascal et al., 2018). The considerable uncertainties that arise in the
estimation of damage costs must also be accounted for (Bach-
mann, 2020). Moreover, the selection of an appropriate SDR must be
based on a clear and transparent methodology (Campos et al., 2015).
Policy-makers should also attempt to guarantee that the concession
of derogations does not create regional inequalities, given that
national implementation frameworks of the IED directive and flexi-
bility mechanisms differ country by country (Bachmann & van der
Kamp, 2014; V�azquez-Calvo et al., 2021). Licensing authorities should
try to increase the predictability of licensing and derogation proce-
dures (S€oderholm et al., 2021). The European Commission is under-
taking in 2021 an impact assessment of the IED that would result in a
proposal for revision in early 2022. The combination of CBA, Monte
Carlo analysis and fsQCA could facilitate the setting of more specific
criteria to justify the disproportionate costs of BAT compliance
options and the potentially more cost-effective profile of alternative
abatement measures.
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Regarding how to finance environmental investments, although
this study suggests that this is a discretionary decision from plant
operators, governments must also ensure that the financial system
supports the specific demands of sustainability transitions (Nai-
doo, 2020). A robust green financial system channelling funds at
competitive rates could support the economic viability of BAT com-
pliance options and facilitate the balance between economic compet-
itiveness and environmental protection. The role of public subsidies
is also relevant. Policy-makers and plant operators could jointly work
in the identification of the most cost-efficient compliance alternatives
through models similar to the one proposed by Du, Wu and Jin (2019)
in the context of public-private partnerships for sustainability.

One main limitation of this study is that the analysis is focused on
two specific predefined compliance alternatives with a very clear
economic and environmental profile: the BAT option is more capital
intensive and involves high operating costs, while the derogation
option shows lower CAPEX, relevant OPEX savings and a similar or
higher improvement in the environmental performance of the plant
that derives in higher environmental benefits (depending on the val-
ues chosen for the different dagame cost estimates). Future studies
could work with a different set of alternatives involving similar
CAPEX, OPEX, and similar environmental benefits/costs or apply a dif-
ferent approach to identify how an environmental solution could be
designed to increase the cost-efficiency and cost-effectiveness of the
possible pollution abatement measures to implement. As pointed out
by Pascal et al. (2018), CBAs of environmental investments are com-
plex exercises, and methods must still be consolidated. fsQCA was
presented in this study as an interesting tool to inform this type of
analysis and to acquire a better understanding of how the alternative
parameters of a CBA interact to make one compliance option more
interesting than others. CBAs could also be combined with real
options theory to incorporate uncertainty into the assessment of the
decision to invest in environmental compliance (L€ofgren, Millock &
Nauges, 2008; Pi~neiro-Chousa et al., 2021).

The fictitious nature of the case study could also be considered a
limitation. Nevertheless, it should be noted that all the economic
data and technical parameters considered are based on real situa-
tions. Thus, the proposed fictitious case could be considered a quasi-
real situation. Future research could try to show real case studies if
possible due to confidentiality agreements. It would be interesting to
analyze through fsQCA different cases of derogation grants, but
acquiring and processing this data is complicated due to the absence
of uniform criteria and updated databases. Another limitation could
be related to the selection of the variables considered as subjected to
uncertainty or discretionary estimation, since more variables could
be included under this category. For instance, O’Mahony (2021) high-
lights the role of the time horizon for the analysis in CBAs. Future
research could also consider this and other additional uncertain vari-
ables to explore through fsQCA how they affect and combine with
other conditions to favour alternative environmental compliance
options. Finally, an effort to define calibration points based on theo-
retical and contextual knowledge could be addressed by future
research, based on the further development of this research topic
that creates new empirical results on which to define alternative
thresholds for full-set membership, full-set non-membership, and
intermediate-set membership.

Appendix A

Table A.1 reflects the expected reduction in air emissions from the
two compliance options considered (note that the dry scrubber gen-
erates an increase of SO2 emissions).

Table A.2 shows the private costs related to the two compliance
options considered. In the case of the dry scrubber they include the
investment cost corresponding to the turnkey contract, including



Table A.1
Expected reductions in air emissions (tons per year).

HF PM SO2 CO2 NOx

BAT (dry scrubber) 4 32 �21 0 0
Derogation (natural gas + starbags) 6 22 75 7283 15

Source: data provided by experts and managers of similar plants.

Table A.2
Private costs of the investment alternatives (in €2020).

BAT Derogation

Dry scrubber Starbags Natural gas Total
CAPEX 15,000,000.00 € 1500,000.00 € 3000,000.00 € 4500,000 €
OPEX 215,000.00 € �155,000.00 € - 710,000.00 € �865,000 €

Source: data from experts and Cusano et al. (2017).
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both the necessary equipment (main and auxiliary) and the installa-
tion and start-up costs. Regarding operating costs, the maintenance
cost was estimated as 3% of the investment (following the references
found in the BREF document, pp. 1.143−1.146, with useful lives of
assets of 15 years) and was reduced by the savings derived from the
replacement of the old wet scrubber, partially compensated by an
increase in electricity consumption, resulting in an annual OPEX of
215,000 €. Regarding the derogation alternative, the investment costs
include new equipment, actions on existing equipment, and the costs
of installation and start-up. In operating costs, maintenance costs
were also estimated as 3% of the investment, yet the installation of
the starbags generates savings derived from not having to change the
filter bags so frequently, while the transformation to natural gas
would mean savings in fuel oil consumption, resulting in a net annual
savings (negative OPEX) of 865,000 €. Considering useful lives of
15 years for all the assets and a period of 2 years to implement all the
abatement measures, the time horizon for the calculation of their
NVP was set at 17 years. Investment costs were distributed across
years 0 and 1, while the impacts on air emissions and the associated
costs and benefits were accounted for once the investments have
been completed (from year 2 to year 16).

Table A.2 does not reflect the values related to the financial cost of
the investment or the private (internalized external) costs associated
with CO2 emissions (purchase of emission rights) and SO2 and NOX

emissions (some Spanish autonomous communities apply a tax on
atmospheric pollution). The SO2 and NOX tax rates were set at 70 and
36 Euros per ton, respectively. The savings or higher costs that the
changes in CO2 emissions would have on the purchase of CO2 emis-
sion rights were also computed based on their market price projec-
tion, as explained below.

Considering the financial cost of the investment, the Spackman
approach was chosen (appropriate when a private company finances
the investment, yet the benefits fall on the whole of society, which is
the case in this study), in which the financial cost was integrated into
Table B.1
Damage costs from different information source

de Bruyn et al. (2010)

Price base €2008

Geographical context Netherlands
HF 5490
SO2 15,400
NOX 10,600
PM 64,800
NOX-PM

* As the arithmetic mean of PM 2.5 and PM 10.
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the annualized investment cost throughout the project's time hori-
zon. No residual value of any of the technologies was considered.
Depending on the capital structure chosen (debt-to-equity ratio), the
WACC in real terms could fluctuate in the 5%�15% range, setting the
initial value considered in the CBA at the midpoint (10%).

Appendix B

External or damage costs were derived from the following
sources:

- The Manual on Shadow Prices by de Bruyn et al. (2010), which
provides estimates of reduction costs and damage costs for more
than 400 types of pollutants valued at €2008 in the context of the
Netherlands, as well as some estimates for the whole EU. To the
best of our knowledge, this is the only source that estimates dam-
age costs associated with fluoride emissions.

- Damage costs due to emissions from industrial facilities estimated
by the Interdepartmental Group on Costs and Benefits (IGCB) of
the UK Ministry of Environment, Food and Rural Affairs (DEFRA)
(EA (Environment Agency), 2017), expressed in £2015. Central,
maximum and minimum costs are provided. Table B.1 reflects
central ones.

- Damage costs estimated by the European Environmental Agency
from the analysis of data obtained for all countries of the Union in
the period 2008−2012, expressed in €2005 (EEA (European
Environment Agency), 2014). Damage costs based on the applica-
tion of the VOLY (value of one year of life) approach to assess
impacts on health were considered, following the criteria of the
IGBC-DEFRA.

- The damage costs of the EcoSenseLE tool (Institute of Energy Eco-
nomics and Rational Energy Use (University of Stuttgart), 2020),
associated with the European projects ExternE, NEEDS and CASES,
which offers estimates for European countries in €2010.
s (per ton).

EA (2017) EEA (2014) EcoSenseLE

£2015 €2005 €2010

UK Spain Spain

1956 7520 5544
13,131 2241 4342
30,225 21,932* 5004*
10,943



Table B.2
Damage costs for Spain (€2020/T).

de Bruyn et al. (2010) EA (2017) EEA (2014) EcoSenseLE

HF 4336
SO2 12,164 2475 8732 5837
NOX 8373 16,618 2602 4571
PM 51,184 38,251 25,466 5268
NOX-PM 13,849

Table B.3
Central, minimum, and maximum values of damage costs by type of pollutant
(values for Spain and 2020 in €2020/T).

Central Minimum Maximum

HF 4336.39 1734.56 6938.23
SO2 7302.13 2475.39 12,164.02
NOX-PM 13,848.75 5539.25 22,156.98
PM 30,042.24 5268.40 51,183.66
CO2 50.42 33.61 67.23
CO2-traded 28.00 14.00 42.00
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Table B.1 details the values that have been extracted from the
mentioned sources for the assessment of emissions of fluoride, PM,
SO2 and NOX. The following remarks must be acknowledged:

- For the assessment of fluoride emissions, the cost of hydrogen
fluoride (HF) damage, included in the study by de Bruyn
et al. (2010), was taken as a reference.

- In the NOX assessment, the IGCB concludes that when NOX and
PM emissions are assessed simultaneously in the same project, a
lower damage cost attributable to NOX (NOX-PM) should be con-
sidered because there is an overlap in the health effects of both
types of emissions.

- Concerning the damage costs due to PM emissions, while the
study by de Bruyn et al. (2010) and EA (2017) refer globally to PM,
the EEA (2014) or EcoSenseLE projects offer independent values
for PM 10 and PM 2.5, so the arithmetic mean of both was taken.

Following the recommendations of these same studies, the values
in Table B.1 were considered translatable to other contexts, both geo-
graphical and temporal, applying two main adjustments:

- For estimates referring to other countries, the differences in liv-
ing standards and population density between different countries
should be considered. Data from the World Bank statistics on the per
capita gross domestic product (pcGDP), expressed in terms of pur-
chasing power parity (PPP), were obtained for the Netherlands, UK
and Spain for the 2005−2020 period. Since data was provided in
USD2011, they were converted into Euros through the average 2011
exchange rate of 1.392 $/€ collected by theWorld Bank. Data on dam-
age costs for the UK have been converted into Euros using the aver-
age exchange rate for 2015 (0.726 £/€). A correction factor of 0.85
was used to account for the income elasticity of the demand for
higher environmental quality was applied (de Bruyn et al., 2010).
Using this method, damage costs from de Bruyn et al. (2010) and
EA (2017) were translated to Spain using Equation B.1.

Damage costs for Spain €ð Þ

¼ Damage cost country Y €ð Þ ¢ pcGDP PPP Spain €ð Þ
pcGDP PPP Country Y €ð Þ

� �0;85

ðB:1Þ

- For the valuation of damages at different moments, the damage
costs referred to different time bases were capitalized to 2020
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through the Spanish implicit GDP deflators collected from the
World Bank for the period 2005−2020.

After these adjustments, the damage costs for Spain in €2020 were
obtained and are reflected in Table B.2. Based on these estimates
from different sources, average values were derived for each pollut-
ant, which will be considered the base or central damage costs in the
CBA of the BAT and derogation options analyzed in this study. More-
over, to perform simulation analyzes and create the cases to be ana-
lyzed through the fsQCA, maximum and minimum values were
defined around the ranges considered in the consulted studies.
Table B.2. summarizes these central, maximum and minimum dam-
age costs.

CO2 emissions were valued through The World Bank’s concept of
social cost of carbon (The World Bank, 2017) in a range of values of
40−80 dollars per ton in 2020 that would increase to 50−100 dollars
per ton in 2030 (based on an uplift factor of 2.25%). The World Bank
proposes subtracting the market price of CO2 from its social cost in
sectors subject to emission allowance trading. The same approach
was applied to SO2 and NOX emissions subject to the payment of an
air pollution tax. The price of the CO2 emission allowances negotiated
in the European market was set at 28 €/T in 2020 and was expected
to increase in the coming years (EEA (European Environment
Agency), 2018). Both the IGBC-DEFRA and the World Bank consider
that the market price of CO2 will tend to converge with its social cost
by 2030. With these references, projections of the social and market
prices of CO2 were created around the central, maximum, and mini-
mum values reflected in Table B.3. For the conversion of the shadow
prices estimated by the World Bank, an exchange rate of $1.19/€ was
considered.

Regarding the consideration of an uplift factor, the same value of
2.25% set by the World Bank in its projection of CO2 shadow prices
was considered for the rest of the pollutants throughout the time
horizon of the analysis, in a range of 1.13%�3.38% for the simulation
analysis.

Appendix C

Table C.1. shows the results (SNPV1) from the first Monte Carlo
simulation (1000 trials) considering four uncertain variables: WACC,
SDR, uplift factor and a multiplying factor that ranged between 40%
and 160% and was applied to the central values estimated for the
damage costs associated with air emissions. Table C.2. shows the
results (SNPV2) from the second Monte Carlo simulation, considering
the six damage cost estimates as uncertain variables.



Table C.1
Results from simulation 1.

Statistics SNPV1 SDR UPLIFT DAMAGE WACC

Base Case 39,130,845.90 € 5.0% 2.25% 100% 10%
Mean 39,707,819.51 € 5.0% 2.23% 100% 10%
Median 39,012,926.93 € 5.0% 2.22% 101% 10%
Standard Deviation 7130,983.41 € 1.4% 0.65% 34% 3%
Skewness 0.3715 �0.0179 0.0084 �0.0010 �0.0509
Kurtosis 2.57 1.81 1.78 1.84 1.76
Coeff. of Variation 0.1796 0.2870 0.2900 0.3455 0.2897
Minimum 25,146,593.70 € 2.5% 1.13% 40% 5%
Maximum 61,040,079.66 € 7.5% 3.38% 160% 15%
Mean Std. Error 225,501.50 € 0.0% 0.02% 1% 0%
P25 34,401,615.04 € 3.75% 1.67% 69.94% 7.48%
P50 39,012,926.93 € 5.05% 2.22% 100.82% 10.12%
P75 44,842,586.18 € 6.24% 2.77% 128.60% 12.76%

Table C.2
Results from simulation 2.

Statistics SNPV2 CO2 CO2t HF NOX PM SO2

Base Case 39,130,845.90 € 50.42 € 28.00 € 4336.39 € 13,848.75 € 30,042.24 € 7302.13 €
Mean 39,202,880.01 € 50.00 € 27.94 € 4366.09 € 14,029.90 € 28,000.03 € 7153.01 €
Median 39,219,791.61 € 49.85 € 28.11 € 4383.25 € 14,527.36 € 28,025.49 € 7018.06 €
St. Dev. 4021,595.90 € 9.78 € 8.02 € 1491.81 € 4814.03 € 13,037.24 € 2781.57 €
Skewness 0.0026 0.0343 �0.0302 �0.0155 �0.1086 0.0421 0.0510
Kurtosis 2.38 1.77 1.85 1.82 1.78 1.80 1.82
Coeff. of Variation 0.1026 0.1956 0.2872 0.3417 0.3431 0.4656 0.3889
Min 29,416,299.47 € 33.62 € 14.01 € 1737.38 € 5585.16 € 5329.71 € 2479.33 €
Max 48,847,975.91 € 67.20 € 41.99 € 6931.09 € 22,146.49 € 50,954.48 € 12,155.40 €
Mean Std. Error 127,174.03 € 0.31 € 0.25 € 47.18 € 152.23 € 412.27 € 87.96 €
P25 36,242,024.58 € 41.62 € 21.15 € 3105.28 € 9879.34 € 16,711.07 € 4767.91 €
P50 39,219,791.61 € 49.85 € 28.11 € 4383.25 € 14,527.36 € 28,025.49 € 7018.06 €
P75 42,231,279.74 € 58.52 € 34.77 € 5613.06 € 18,217.29 € 39,574.78 € 9471.55 €

Table C.3
Descriptive statistics for calibrated outcomes and conditions.

Outcome/Condition Mean Std. Dev. Minimum Maximum

fssnpv1 0.49251 0.4088171 0 1
fssdr 0.49563 0.4060749 0 1
fsuplift 0.50387 0.4130532 0 1
fsdamage 0.49811 0.4087245 0 1
fswacc 0.50503 0.4052254 0 1
fssnpv2 0.49635 0.406338 0 1
fsco2 0.49808 0.4114371 0 1
fsco2t 0.5006 0.4089656 0 1
fshf 0.5013 0.4099318 0 1
fsnox 0.4972 0.4104553 0 1
fspm 0.49448 0.4079379 0 1
fsso2 0.50524 0.4111632 0 1
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Table C.3 shows the statistics on the calibrated values of all the
outcomes and conditions involved in the two Monte Carlo simula-
tions performed.
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