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Abstract

Environmental innovation that reduces the use of energy, materials, and water and low-
ers emissions in firms’ own operations is central to sustainable development, yet small
and medium-sized enterprises (SMEs) often lack the financial, technological, and human
resources to pursue it, and governments seek to relieve these constraints through finan-
cial and non-financial support. How such support combines with the constraints SMEs
face, however, remains unclear. This study examines how financial, capability, market and
regulatory constraints combine with government financial and non-financial support in
relation to environmental innovation. Applying fuzzy-set qualitative comparative analysis
to innovation-active SMEs from the 2024 Korean Innovation Survey, it analyses the pooled
sample and four Pavitt sectors. The results show that the main configuration combines
the absence of financial constraint with capability and market constraints and involves
no government support. In addition, the configurations differ across sectors: capability
constraints recur in supplier-dominated and scale-intensive industries, market and regula-
tory constraints accompany environmental innovation among specialised suppliers, and
no configuration emerges in science-based industries. Government support appears much
more often in configurations for the absence of environmental innovation, and financial
support appears together with financial constraint only in these configurations. The sector-
level capability constraints recur across most robustness specifications, whereas the pooled
configurations are sensitive to calibration choices. These findings suggest that sustainability
policies supporting environmental innovation in SMEs should be designed around the
combinations of constraints firms face and the innovation patterns of their sectors.

Keywords: environmental innovation; sustainable development; sustainability policy; resource
efficiency; SMEs; innovation barriers; government support; Pavitt taxonomy; fsQCA

1. Introduction

Climate change is giving rise to various challenges, such as increasingly frequent
natural disasters and threats to energy and food security [1]. In response, firms face
pressure to pursue environmental innovation that enables a cost-effective and risk-managed
transition to a low-carbon economy by reducing costs, managing risks, ensuring value-chain
stability and responding to consumer preferences for products with stronger environmental
performance [2—-4]. Because environmental innovation lowers the use of energy, materials
and water and reduces emissions in firms’ own operations, it links firms’ competitiveness

to sustainable development. Climate-response capability is therefore no longer a matter
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of environmental protection alone but a source of economic, industrial and technological
competitiveness [5,6].

While large firms can actively pursue carbon reduction and environmental innovation
through their financial, technological and human resources [7], small and medium-sized
enterprises (SMEs) remain vulnerable amid the rapid pace of the global transition. SMEs
are flexible, but their innovative capacity may be limited to incremental changes [8], and
their knowledge of environmental management has been found to be low [9]. Accordingly,
governments have sought to alleviate the financial, capability-related, and market-related
constraints of SMEs by using financial and non-financial policies. A growing body of
the literature has examined the determinants of environmental innovation, and recent
studies show that these determinants interact: the effect of environmental penalties on
firms” environmental innovation changes when subsidies are granted at about the same
time [10], and environmental innovation emerges from the interplay of internal capabilities,
government policies and market dynamics [11]. However, these studies largely focus on the
effect of each barrier or each type of support. Support is likely to help mainly firms that face
the constraint it targets and to matter little for others. Such an average effect mixes these
two groups, which may explain why the effects of government support have been found to
be mixed [12-14]. In the same way, a single constraint may work differently across firms.
Uncertain demand, for example, may discourage environmental innovation in one firm but
push another to cut costs. The key question is therefore which combinations of constraints
and support go together with environmental innovation. A configurational approach can
answer this question because it shows whether different combinations lead to the same
outcome and whether the absence of environmental innovation is simply the reverse of
its presence. Previous configurational studies, however, have combined environmental
pressures or support with firms’ resources and capabilities [15,16], not with the constraints
SMEs face.

Against this background, this study examines how the internal constraints faced by
SMEs combine with external resources—specifically, government financial and non-financial
support—in relation to environmental innovation. In this study, environmental innovation
refers to innovation that generates environmental benefits within the firm, such as reduced
consumption of energy, materials, and water, lower emissions, and increased recycling.
This study aims to identify the combinations of conditions associated with environmental
innovation by applying fuzzy-set qualitative comparative analysis (fsQCA) to innovation-
active manufacturing SMEs. Sectors also differ in where their technology comes from and
in whether their innovation targets processes or products [17], so the constraints firms face
and the role of support may also differ across sectors. In supplier-dominated sectors, where
technology comes with purchased equipment, environmental innovation may depend on
how firms acquire and adopt new equipment. In scale-intensive sectors, it may depend
more on process improvements that firms make on their own. In specialised-supplier and
science-based sectors, where innovation focuses on products, environmental innovation in
the firm’s own processes may be less closely linked to the constraints and support examined
here. This study therefore asks three questions: which combinations of constraints and
government support go together with environmental innovation among innovation-active
SMEs; how these combinations differ across Pavitt sectors; and whether the combinations
for the absence of such innovation are simply the reverse of those for its presence. By linking
each type of support to the constraint it targets, this study asks not whether government
support works on average, but under which combinations of constraints government support
goes together with environmental innovation and under which it does not.
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2. Theoretical Background
2.1. Environmental Innovation with Benefits for the Firm: Cost Savings and Barriers

Environmental innovation differs from other innovation. Like all innovation, it pro-
duces knowledge spillovers, but it also generates environmental benefits that accrue largely
to society rather than to the innovator [18,19]. The determinants of environmental innova-
tion differ by the type of environmental impact, and cost savings are an important motivation
for reducing energy and material use [20]. This study focuses on benefits obtained within
the firm: reduced material, water and energy use; lower emissions; cleaner inputs; and
recycling. Such innovation resembles cost-reducing process innovation and corresponds to
pollution prevention, which builds on continuous improvement inside the firm [21]. Its
returns are realised internally.

In pursuing such innovation, firms face cost-related, knowledge-related, market-related,
and regulatory barriers [22]. Since the outcomes of innovation are uncertain, external
finance for innovation is difficult or costly to obtain [23], and financial constraints on
innovation are more severe for smaller enterprises [24]. In the case of environmental
innovation, financial barriers have a direct negative effect on investment decisions [25],
financial constraints affect the development of environmental innovation in European
SMEs, with effects that vary by the type of funding [12], and limited financial resources
hinder energy-efficiency investment in more indebted manufacturing SMEs [26]. Moreover,
environmental innovation is associated with R&D cooperation [27] and with external
knowledge sourcing [28], which places a burden on SMEs that lack partners, knowledge,
and qualified personnel. As for market constraints, customer requirements and demand are
established drivers of environmental innovation [20,29], so uncertain demand and intense
competition may weaken this pull. For innovation that saves costs, however, the same
pressures may work in the opposite direction: a firm that cannot raise its prices has a reason
to lower its costs.

These constraints may operate in different ways. D’Este et al. [22] distinguish revealed
barriers, which reflect the difficulty of the innovation process and the learning that comes
with engaging in it, from deterring barriers, which prevent firms from committing to
innovation. Comparing firms with different degrees of engagement in innovation, they
find both effects for cost and market barriers, with a particularly strong deterring effect
for market barriers, and a mainly revealed effect for knowledge barriers. A constraint
can therefore relate to innovation in two ways. It hinders innovation when the missing
resource limits what a firm can invest in or carry out, which is the usual reading of financial
constraints. It accompanies innovation when firms perceive it because they are innovating:
firms that search for knowledge, partners and personnel are more likely to notice that these
are scarce, and for innovation that saves costs, market pressure may act as a motive rather
than only as an obstacle. In both cases, the same perceived constraint can be found in firms
with environmental innovation and in firms without it, depending on the other conditions
they face. Because this study examines innovation-active SMEs, it focuses on how the
constraints perceived by firms engaged in innovation combine with other conditions, rather
than on whether these constraints deter firms from innovating. Because demand- and
market-related obstacles can be as important as financial ones [30], the constraints should
be examined together.

2.2. Government Support and Environmental Regulation

Organisations depend on external actors for critical resources and seek alternative
sources when these are hard to obtain [31,32]. For SMEs, government support is one such
alternative source. In this view, financial instruments such as tax incentives, grants and
subsidies, loans and guarantees are critical for a financially constrained firm but largely
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redundant for an unconstrained one. According to the existing literature, however, the
effects of government financial support are not always positive but rather mixed [12-14].
Non-financial support, such as human resource, technology, and certification support, is
intended for SMEs that lack knowledge, skills, or access to markets. Government support
may thus alleviate the constraints faced by SMEs by addressing the specific limiting factors
it targets. Recent evidence on environmental innovation confirms that the contribution of
support depends on the mix of instruments. For instance, combining general innovation
policy with environmental policy raises process-related environmental innovation more
than innovation policy alone but not more than environmental policy alone [33]. Non-
financial support may also fail to relieve the constraint it addresses [34]. However, the
mere fact that a firm receives government support does not show whether the scale, timing,
or design of the support is appropriate or whether it is actually effective. A firm might
receive support because it faces constraints; it might receive an amount of support that is
far too small to resolve those constraints; or it might continue to face constraints even while
receiving support. Therefore, the coexistence of support and constraints does not necessarily
mean that the support has failed. In this sense, since government policy instruments interact
with one another and their effects depend on the specific mix employed, it is necessary to
examine innovation activities in the context of various policies and the specific situation
that firms face [35-39].

Meanwhile, environmental regulation, one of the government’s policy tools, occupies
an ambiguous position. According to the Porter hypothesis, well-designed regulation can
trigger innovation that offsets compliance costs [5], and policy interventions are found to be
more powerful in inducing clean innovation when they are designed as a policy mix [40].
Regulation also imposes burdens, however, and can hamper innovation when markets
or rules are uncertain [41,42]. Whether SMEs experience environmental regulation as a
constraint or a stimulus is therefore an empirical question whose answer may depend on
the other conditions a firm faces.

The arguments above imply that SMEs’ constraints, environmental regulation and
government instruments do not operate independently but are mutually interrelated. The
effect of a constraint may depend on which other constraints an SME faces and on which
support it receives, and the effect of a given support instrument may depend in turn on the
constraint it is meant to relieve. Examining the relationships formed by their combination,
rather than each condition in isolation, is therefore required to understand how any one
condition operates. Moreover, because SMEs differ in the constraints they face and the
support they receive, different combinations may lead to the same outcome [43-45]. Recent
studies confirm such interdependence for pairs of policy instruments [10] and for internal,
market and governmental drivers [11], but they do not relate support to the constraints
firms face. Studies adopting a configurational approach have combined environmental
pressures or support with firms’ resources and capabilities [15,16] or technology factors
with knowledge search [46], and Ferndndez-Muiiiz et al. [47] combine perceived barriers
with leaders’ personality traits in a small sample of 40 SMEs. How SMEs’ constraint
profiles combine with financial and non-financial government support in association with
environmental innovation in a large sample has thus rarely been examined.

2.3. Sectoral Heterogeneity in Environmental Innovation

According to Pavitt [17], the sources, direction and appropriability of technical change
differ between supplier-dominated, scale-intensive, specialised-supplier and science-based
sectors because sectors differ in the origin of their technological knowledge, in user require-
ments and in appropriability conditions. In supplier-dominated sectors, firms are typically
small and rarely conduct in-house R&D. They rely on machinery and materials bought
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from suppliers, and thus technology and innovation stem from outside the firm, embodied
in the capital goods and intermediate inputs they purchase. Their innovation is therefore
mainly process-oriented and aimed at cost reduction. Scale-intensive sectors depend on
large production volumes, which make even small process improvements valuable. Un-
like in supplier-dominated sectors, knowledge is generated in-house through production
engineering and learning by doing. Specialised suppliers produce machinery and instru-
ments for performance-sensitive users; their innovation is product-oriented and rests on
close interaction with users. Science-based sectors draw on rapidly advancing science and
in-house R&D. Later studies have revised and extended the taxonomy and found that it
captures structural differences in patterns of innovation [48,49].

These innovation patterns suggest why the combinations of constraints and support
associated with environmental innovation may differ across sectors. Empirical studies
confirm that the drivers of environmental innovation vary with technological opportunities
and sectoral conditions [50]. In supplier-dominated sectors, improvements in a firm’s own
operations largely arrive with machinery and materials from suppliers [17,51]. Acquiring
equipment has been found to matter more for environmental innovation than acquiring
patents [52], and in a supplier-dominated industry such as pulp and paper, the adoption
of clean technologies depends on the interplay of the firm’s resources, external pressures
and the characteristics of the technology [53]. Environmental innovation in these sectors
may therefore depend on how firms acquire and adopt new equipment, which can involve
both funding and the skills needed to use it. In scale-intensive sectors, firms improve
processes through their own production engineering and learning by doing [17]. Cost
savings are a main motive for innovations that reduce energy and material use [20], and
only process-related, not product-related, environmental innovation has been found to
be driven by cost savings [54]. Environmental innovation in these sectors may therefore
depend more on process improvements made in-house. Some of these industries, such
as refined petroleum, non-metallic minerals and basic metals, are also emission-intensive,
and regulation is the main driver of innovations that reduce air and water pollution and
hazardous substances [20]. In specialised-supplier and science-based sectors, innovation
is directed at products for users [17], and the environmental performance of products
responds mainly to customer requirements and expected regulation [20]. Environmental
innovation in the firm’s own processes may thus be less closely linked to the constraints
and support examined here. This potential explanation suggests that the configuration of
constraints and government support related to environmental innovation may vary across
industrial sectors.

3. Data and Methodology
3.1. Data

The data are drawn from the 2024 Korean Innovation Survey (KIS): Manufacturing
Sector, an official national statistical survey conducted by the Science and Technology Policy
Institute (STEPI) in line with the Oslo Manual and the Community Innovation Survey.
Of the 4595 responding firms, 3805 are SMEs. Because the outcome is environmental
innovation, the sample is restricted to the 1576 innovation-active SMEs that introduced
at least one product or business-process innovation in 2021-2023, and firms for which
environmental regulation was not applicable are excluded (n = 283). The findings therefore
apply to innovation-active SMEs subject to environmental regulation; SMEs that did not
innovate, including those deterred from innovating by the constraints examined here, are
not observed. The final sample of 1293 SMEs is classified by two-digit KSIC industry into
supplier-dominated (n = 259), scale-intensive (n = 443), specialised-supplier (n = 325)
and science-based (1 = 266) sectors following Pavitt [17] (Table 1).
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Table 1. Classification of manufacturing industries into Pavitt sectors (N = 1293).

Pavitt Sector Industries (KSIC Two-Digit Code) n

Food products (10); beverages (11); tobacco (12); textiles
(13); wearing apparel (14); leather and footwear (15);
wood products (16); pulp and paper (17); printing (18);
furniture (32); other manufacturing (33)

Supplier-dominated 259

Coke and refined petroleum (19); rubber and plastics
(22); non-metallic minerals (23); basic metals (24);
fabricated metal products (25); motor vehicles and
trailers (30); other transport equipment (31)

Scale-intensive 443

Electrical equipment (28); other machinery and

equipment (29); industrial machinery repair (34) 325

Specialised suppliers

Chemicals (20); pharmaceuticals (21); electronic
components, computers, video, audio and
communication equipment (26); medical, precision and
optical instruments (27)

Total 1293

Note: Industries are classified at the two-digit level of the Korean Standard Industrial Classification
(KSIC); n = number of innovation-active SMEs in the final sample.

Science-based 266

3.2. fsQCA

fsQCA identifies combinations of conditions that are sufficient for an outcome and
thereby captures conjunctural causation, equifinality and causal asymmetry, which net-
effect estimates cannot [44,55]. QCA was developed for small and intermediate numbers of
cases, but it is increasingly applied to large samples of firms [56,57] as an alternative and
a complement to regression analysis, which answers a different, related question [56,58].
In this study, first, truth-table rows with few cases are excluded by a frequency threshold
above one, while at least 80% of the cases are retained [56,59]. Second, because large-N
results are sensitive to calibration and thresholds, robustness tests are required [60-62],
and because analytic decisions are often incompletely reported in large-N QCA [63], all
thresholds are stated below.

Raw measures are calibrated into fuzzy-set membership scores between 0 and 1 with
the direct method, using anchors for full membership (0.95), the crossover (0.5), and full
non-membership (0.05) [55]. Necessity is examined first with a consistency threshold
of 0.90. For sufficiency, truth-table rows must contain at least five cases in the pooled
analysis and three in the sector analyses, which retains 97% and 86-93% of the cases. In
the truth table, a row is coded as sufficient for the outcome if its raw consistency is at
least 0.85 and its PRI (proportional reduction in inconsistency) is at least 0.65, which is
stricter than the minimum of 0.50 [59,64]. The complete truth tables, including the number
of cases, raw consistency and PRI of every observed row and logical remainder, and the
conservative, parsimonious and intermediate solutions for all analyses are reported in
Supplementary Tables S1-512.

For the absence of the outcome, the thresholds are raised to 0.90 for raw consistency
and 0.70 for PRI There are two reasons. First, the absence of the outcome is the larger set in
terms of membership scores: the mean membership reported in Table A1 is about 0.54 for
the absence and 0.46 for the outcome, because SMEs that report no environmental benefit
are almost fully out of the outcome set, whereas SME:s just above the crossover are only
partly in it. The larger a set, the more easily any row is a subset of it, so raw consistency is
inflated, and a stricter test is needed to keep rows that are only trivially consistent out of the
solution. Second, the analysis of the absence serves to check whether the absence mirrors the
presence, and a conservative standard guard against over-interpreting it. The consistency
and PRI thresholds apply to truth-table rows only. Following common practice, the fit of
the resulting configurations is reported with consistency and coverage at two levels [44,55].
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For each configuration, consistency shows how far the cases in the configuration also show
the outcome, raw coverage shows how much of the outcome the configuration covers, and
unique coverage shows how much is covered only by this configuration. For the solution,
the same measures are computed for all configurations together. Because a configuration
can also cover cases from other rows, its consistency may fall below the row threshold.

Intermediate solutions are derived with the directional expectations that constraints
are absent and support is present, without an expectation for regulatory constraint, whose
effect is theoretically ambiguous (Section 2.2). A directional expectation states whether a
condition is expected to help produce the outcome when it is present [55,65]. Government
support provides resources that firms lack (Section 2.2), so it is expected to help, or at least
not to hinder, environmental innovation. This does not contradict the argument that the
effects of support depend on context. That argument concerns whether support makes a
difference, not whether it harms innovation: support helps firms that face the constraint it
targets and matters little for others. In addition, a directional expectation is applied only
to combinations with too few or no cases in the data. For these combinations, it assumes
only that adding support to a combination that already goes together with environmental
innovation would not remove it. It does not assume that support produces environmental
innovation, and whether support actually appears in the configurations is still decided by
the observed cases. Following the enhanced standard analysis [65], logical remainders that
would serve as simplifying assumptions in both the analysis of the outcome and that of
its absence (contradictory simplifying assumptions) are excluded from the minimisation;
this applies to seven remainders in the pooled sample and to one remainder each in the
scale-intensive and specialised-supplier analyses. Where the consistency of an intermediate
solution falls below 0.80, the conservative solution is reported. Core conditions are those
that appear in both the parsimonious and the intermediate solution [44]. Where several
equally parsimonious models exist, a condition is treated as core only if it is core in a majority
of these models. Where the models yield different intermediate solutions, the reported
solution consists of the conditions that appear in a majority of the alternative solutions,
and configurations that appear in only some of them are marked. The number of solutions
in which each configuration appears and the number of models in which each condition
appears as core are reported in Appendix B. Robustness is assessed with lower thresholds,
shifted crossovers, and percentile-based anchors [62]. The analysis uses the QCA package
(version 3.25.7) in R (version 4.6.1).

3.3. Variables
3.3.1. Outcome

The outcome is environmental innovation, that is, product or business-process inno-
vations that reduce negative environmental impacts within the firm. Following the CIS,
the KIS asks whether the firm’s innovation yielded six such benefits, each rated as not
introduced (0), low contribution (1), or high contribution (2) (Table 2). The summed score
forms IEB_FIRM (0-12). Scores of one or two can arise from a single benefit area or from
low contributions only. A score of at least three requires benefits in at least two areas, with
at least one high contribution or three low contributions, so the crossover (2.5) separates
incidental from more than incidental benefits. Full membership (8) requires benefits in at
least four areas, at least two of them with a high contribution, and full non-membership
corresponds to no benefit. About 28% of the SMEs report no benefit, 50% score three or
more, and 14% score eight or more; a higher crossover is examined in the robustness tests
(Section 4.5).
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Table 2. Outcome items.
. Full
Outcome Environmental Benefit Scale Full Nggr;l:)ershlp Crossover (0.5) Non-Membership
. (0.05)
Reduced material or water use per 0/1/2
unit of output
Reduced energy use or CO, footprint 0/1/2
Reduced air, water, soil or 0/1/2
IEB_FIRM (benefits _ Mlse pollution
accruing to Replacement of materials with less 0/1/2 8 25 0
the firm) polluting or hazardous substitutes
Replacement of fossil energy with 0/1/2
renewable sources
Recycling of waste, water or 0/1/2

materials for own use or sale

Note: 0 = not introduced; 1 = low contribution; 2 = high contribution. Scores are summed.

3.3.2. Conditions

Financial, capability, and market constraints are measured by the sum of their items
(Table 3), each rated from not applicable (0) to very high (5); ‘not applicable’ indicates that
the obstacle was not perceived. Full membership corresponds to all items rated "high’ (4),
full non-membership to all items rated ‘very low” (1) and the crossover to an average rating
of about 2.4 for financial constraint (9.5/4), 2.5 for capability constraint (17.5/7), and 2.25 for
market constraint (4.5/2), half-points close to the midpoint of the 0-5 scale; a sum of 10 on
the four financial items, for example, yields a membership of 0.56 and a sum of 9 yields 0.43.
Regulatory constraint is measured by a bipolar item on the effect of environmental regulation
on innovation (1 = strongly hindered, 3 = no effect, 5 = strongly promoted), reversed so
that the set captures hindering regulation; the crossover lies between ‘somewhat hindered’
and ‘no effect’, so that firms reporting no effect are more out than in (0.27). Because this
item is bipolar, the set differs from the other constraints. The other constraints measure how
strongly an obstacle hampers innovation, whereas this item measures whether regulation
hampers or promotes it. The presence of regulatory constraint is therefore comparable to
that of the other constraints, as both indicate a perceived obstacle to innovation. Its absence,
however, combines firms for which regulation has no effect with firms for which it promotes
innovation, so it is interpreted only as the absence of hindering regulation, not as regulation
that promotes innovation. For the same reason, no directional expectation is set for this
condition (Section 3.2).

Government financial and non-financial support are measured by the number of
instruments used in each category rather than by importance ratings, which may themselves
reflect innovation success. The count captures whether and how widely firms use each
type of government support, not the amount received or its adequacy and effectiveness.
The crossover separates non-use from the use of one instrument, the qualitatively decisive
distinction, and full membership corresponds to three instruments. All crossovers lie at
half-points so that no case has a membership of exactly 0.5 (Table 3). The anchors follow the
meaning of the response categories rather than sample percentiles, which would place half
of the firms in each set irrespective of the severity reported and are undefined for support
measures whose median is zero [59,65]. The share of SMEs that are more in than out of a
set ranges from 21% (financial constraint) to 46% (financial support). The distributions
of the raw measures and membership scores are reported in Appendix A (Table A1l). For
financial constraint, the crossover lies above the 75th percentile of the summed score because
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most SMEs rate financial obstacles as very low or low; the anchors thus reflect the severity

reported rather than a firm’s position in the sample.

Figure 1 summarises the research framework.

Table 3. Condition items and calibration anchors.

Condition

Items

Scale

Full Membership
(0.95)

Crossover (0.5)

Full
Non-Membership
(0.05)

Fin_cons

(financial constraint)

Lack of internal funds; lack
of external funds; difficulty
obtaining government
funding; excessive
innovation costs

0-5 per item, summed (0-20)

16

9.5

Cap_cons

(capability constraint)

Lack of qualified personnel;
lack of cooperation partners;
lack of access to external
knowledge; internal
disagreement on innovation
priorities; lack of ideas; lack
of information on
technologies; lack of
information on markets

0-5 per item, summed (0-35)

28

17.5

Mkt_cons

(market constraint)

Uncertain market demand
for innovations; lack of
capacity owing to

intense competition

0-5 per item, summed (0-10)

45

Reg_cons

(regulatory constraint)

Effect of environmental
regulation on
innovation activities

1 strongly hindered ... 5
strongly promoted

1 (strongly hindered)

2.5

4 (somewhat
promoted)

Govl
(financial supp:

Tax support; funding
(subsidies, national R&D
programmes); finance
(loans, guarantees,
technology finance)

ort)

Number of instruments used
(0-3)

0.5

Gov2

(non-financial support)

Human resource support;
technology support;
certification support; public
procurement support

Number of instruments used
(0-4)

0.5

Note: Constraint items: 0 = not applicable, 1 = very low ... 5 = very high degree of hampering. Firms
answering ‘not applicable’ to the regulation item were excluded from the sample. Direct method [55].
Resulting memberships for Reg_cons: 1 = 0.95,2 = 0.73,3 = 0.27,4 = 0.05, 5 = 0.01. For Gov1/Gov2:

1 instrument = 0.64, 2 = 0.85, 3 = 0.95.

Conditions

Internal and regulatory constraints

-

-

Financial constraint (Fin_cons)

m Lack of internal funds
m Lack of external funds
= Difficulty obtaining government funding

= Excessive innovation costs

m Lack of external knowledge

m Lack of technology / market info

.
—~

Capability constraint (Cap_cons)

m Lack of qualified personnel / partners

m Internal disagreement, lack of ideas

€

Market constraint (Mkt_cons)

= Uncertain demand for innovations

= Intense competition

Regulatory constraint (Reg_cons)

= Environmental regulation perceived

as hindering (vs. promoting) innovation

Government support (number of instruments used)

-

Financial support (Gov1l)

m Tax support - Subsidies/R&D programmes

m Loans, guarantees, technology finance

= Human resources - Technology

u Certification - Public procurement

Non-financial support (Gov2)

Figure 1. Research framework.

Outcome

= Environmental innovation (IEB_FIRM)

e

Pavitt sectors

= Supplier-dominated
= Scale-intensive
m Specialised suppliers

= Science-based

(pooled and sector-specific analyses)
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4. Results
4.1. Necessity Analysis

In Table 4, the necessity analysis shows that there is no condition reaching the necessity
threshold of 0.90 in the pooled sample or in any sector (Appendix A, Table A2). No single
condition is therefore necessary for environmental innovation. The highest consistency is
found for the absence of financial constraint (0.877), but it remains below the threshold and
largely reflects the fact that only 21% of the SMEs are more in than out of the financially
constrained set. The absence of financial constraint should therefore not be read as a
necessary condition.

Table 4. Analysis of necessary conditions for IEB_FIRM: pooled sample (N = 1293).

Condition Consistency Coverage
Financial constraint 0.282 0.540
~Financial constraint 0.877 0.537
Capability constraint 0.605 0.640
~Capability constraint 0.649 0.537
Market constraint 0.611 0.619
~Market constraint 0.644 0.551
Regulatory constraint 0.390 0.551
~Regulatory constraint 0.804 0.555
Financial support 0.395 0.452
~Financial support 0.758 0.591
Non-financial support 0.347 0.440
~Non-financial support 0.808 0.591
Note: ~ = absence. No value reaches 0.90. Sector results are reported in Appendix A (Table A2).

4.2. Results for the Pooled Sample

Table 5 shows the two configurations for environmental innovation in the pooled
sample. F2 is the main configuration. It has the highest raw coverage (0.338; unique
coverage 0.250) and combines the absence of financial constraint with capability and market
constraints, the absence of hindering regulation, and the absence of both types of support,
all as core conditions. Firms in this configuration tend to report environmental innovation
without using any government support while perceiving capability-related obstacles and
an uncertain, competitive market. F1 is a smaller configuration (raw coverage 0.108) with
high consistency (0.935). It combines financial, capability, and market constraints with non-
financial support, the absence of financial support, and the absence of hindering regulation,
all as core conditions. These firms report financial, capability-related, and market obstacles,
use no financial instrument, and use at least one non-financial instrument, that is, human
resources, technology, certification, or public procurement support. These configurations
show which conditions occur together with environmental innovation, not how firms
achieve it. The presence of capability and market constraints in F1 and F2 does not show
how firms deal with these obstacles, and the presence of non-financial support together
with financial constraint in F1 does not show that the support has relieved the constraint.

The fit of the pooled solution calls for caution. The solution consistency of 0.850 only
modestly exceeds the level of 0.75-0.80 usually regarded as acceptable [44,55], and F2,
the main configuration, is the less consistent of the two (0.852), so a noticeable share of
membership in F2 is not matched by the outcome. The configurations should therefore
be read as combinations that are usually, but not always, accompanied by environmental
innovation. The solution coverage of 0.357 leaves about two-thirds of the membership in
the outcome unexplained, and most of what is explained comes from F2 (unique coverage
0.250) rather than F1 (0.019). The pooled results thus describe one dominant and one
minor path for a subset of SMEs, not a full account of how SMEs achieve environmental

https://doi.org/10.3390/su182111197


https://doi.org/10.3390/su182111197

Sustainability 2026, 18, 11197

11 of 25

innovation. In large-N fsQCA with heterogeneous cases, configurations identify sufficient
paths for subsets of cases rather than explaining all cases [56,59]. SMEs with environmental
innovation that are not covered may have achieved it through factors not included in the
model, such as in-house R&D or environmental management practices, or may belong to
combinations of conditions in which firms with and without environmental innovation are
mixed, so that these combinations do not pass the consistency and PRI thresholds.

Table 5. Configurations for IEB_FIRM: pooled sample (N = 1293).

Condition F1 F2
Financial constraint ° ®
Capability constraint ° °
Market constraint ° )
Regulatory constraint ® ®
Financial support ® ®
Non-financial support ® ®
Raw coverage 0.108 0.338
Unique coverage 0.019 0.250
Consistency 0.935 0.852
Solution consistency 0.850
Solution coverage 0.357

Note: e = presence; ® = absence; large symbols = core conditions; small symbols = peripheral
conditions; blank = either present or absent [44]. Truth-table cut-offs: n > 5; raw consistency > 0.85;
PRI > 0.65.

4.3. Results by Pavitt Sector

Table 6 reports the sector-specific configurations for environmental innovation. In
supplier-dominated industries, four configurations are found. SD1 and SD3 are the main
configurations and combine the absence of financial constraint with capability constraint
and the absence of non-financial support. SD2 combines financial support with the absence
of financial constraint and of hindering regulation, and SD4 combines financial support and
capability constraint with hindering regulation and the absence of market constraint; all
four configurations include the absence of non-financial support. The supplier-dominated
solution has the lowest consistency among the sector solutions (0.801), and its intermediate
solution was even less consistent (0.788), so the conservative solution is reported. Four
separate configurations are needed, and together they are less consistent than the solutions
for the other sectors, which means that firms with the same combination of conditions
differ more in whether they achieve environmental innovation. Only the combination of
capability constraint with the absence of non-financial support, shared by SD1 and SD3,
appears in every robustness specification (Section 4.5), whereas SD2 and SD4 are less stable.
The conclusions for this sector are therefore based only on this combination.

The configurations alone cannot indicate the underlying mechanisms, but they allow
some conjectures about them. Firms in industries such as food and beverages, textiles, or
furniture may achieve environmental innovation by replacing equipment, with capability
constraint reflecting the effort needed to adopt and operate it. SD2 may indicate that financial
support complements investments by financially sound firms, follows investment decisions
or has relieved earlier financial constraints, and SD4 may reflect equipment upgrades in
response to regulation. The lower consistency may arise because the sector combines
industries with very different production conditions.

In scale-intensive industries, two configurations are found. SI2 is the main configuration
and combines capability constraint with the absence of financial support, non-financial
support and hindering regulation, together with the absence of financial constraint. SI1
shares capability constraint and the absence of financial constraint, hindering regulation
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and financial support with SI2, but includes the absence of market constraint as a core
condition instead of the absence of non-financial support.

Table 6. Configurations for IEB_FIRM by Pavitt sector.

Scale-Intensive Spec. Suppliers

Supplier-Dominated (n = 259)

Condition (n =443) (n = 325)

SD1 SD2 SD3 SD4 SI1 SI2 SS1

Financial constraint ® ® ® ® ® ®

Capability constraint (] (] ] (] ]

Market constraint ° ® ®

Regulatory constraint ® ® . ® ® ]

Financial support L ® . ® ® ®

Non-financial support ® ® ® ® ®

Raw coverage 0.438 0.202 0.342 0.149 0.295 0.461 0.217

Unique coverage 0.061 0.031 0.023 0.032 0.016 0.182 0.217

Consistency 0.835 0.826 0.843 0.872 0.881 0.863 0.868

Solution consistency 0.801 0.863 0.868

Solution coverage 0.526 0.477 0.217

Note: Notation as in Table 5. Truth-table cut-offs: n > 3; raw consistency > 0.85; PRI > 0.65. Supplier-
dominated: conservative solution (intermediate consistency 0.788). Equally parsimonious models:
supplier-dominated 9, scale-intensive 2; core conditions are those that appear as core in a majority of
the models (Appendix B). No configuration meets the cut-offs in science-based industries (1 = 266).

Capability constraint combined with the absence of hindering regulation appears in
every robustness specification that yields configurations (Section 4.5). Given the role of
in-house production engineering in this sector (Section 2.3), one possible interpretation
is that firms in industries such as basic metals, plastics or non-metallic minerals pursue
incremental process improvements with their own resources, so that technical capability
rather than finance is their main limitation. The configurations do not show such process
improvements directly; they show only that environmental innovation occurs together with
capability constraint and without financial constraint or financial support.

Among specialised suppliers, one configuration is found. SS1 combines the absence
of financial constraint with market and regulatory constraints and the absence of financial
support, all as core conditions. Its consistency is 0.868, but its coverage is low (0.217), so SS1
accounts for only part of the specialised suppliers with environmental innovation. Market
and regulatory constraints, combined with the absence of financial constraints, appear
in every robustness specification except that with lower thresholds, in which regulatory
constraints do not appear in the solution (Section 4.5).

The configuration alone cannot reveal the underlying mechanism, but it allows some
conjectures. Firms may pursue environmental innovation with their own resources in
response to market uncertainty and regulatory pressure. Alternatively, compliance with
regulation may itself lead to environmental innovation even though regulation is perceived
as an obstacle to innovation. The low coverage may arise because innovation in this sector
is product-oriented (Section 2.3), so environmental innovation in the firm’s own processes
may arise through more diverse routes than any single combination of the conditions
examined here can capture.

No configuration is found in science-based industries. In the truth table (Supplemen-
tary Table S5), 25 rows contain at least three cases and cover 240 of the 266 SMEs, but none
meet the cut-offs: the highest raw consistency is 0.846 and the highest PRI is 0.570, below
the thresholds of 0.85 and 0.65. In every combination of conditions, SMEs with and without
environmental innovation are thus mixed. This does not mean that science-based SMEs do
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not achieve environmental innovation, but that no combination of the conditions examined
here is consistently associated with it.

4.4. Results for the Absence of the Outcome

Table 7 reports five configurations for the absence of environmental innovation in
the pooled sample. NF1 and NF2 combine the absence of capability constraint with both
financial and non-financial support, together with financial constraint (NF1) or hindering
regulation (NF2). NF3 and NF4 combine the absence of financial and market constraints
with non-financial support, together with the absence of financial support (NF3) or hin-
dering regulation (NF4). NF5 combines financial, market, and regulatory constraints with
financial support. NF2 and NF4 have very low unique coverage (0.006 each) and largely
overlap with NF1 and NF3, with which they share the absence of capability constraint
together with both types of support, or the absence of financial and market constraints
together with non-financial support. They are therefore read not as independent paths
but as variants around these shared cores [44]. The solution consistency (0.869) is below
the raw consistency threshold of 0.90 because this threshold applies to truth-table rows,
whereas the configurations are simplified combinations that also cover cases in other rows,
including rows that do not meet the threshold (Section 3.2). Each configuration still has a
consistency of at least 0.888, and the solution remains above the level usually regarded as
acceptable [44,55].

Table 7. Configurations for the absence of IEB_FIRM: pooled sample (N = 1293).

Condition NF1 NEF2 NF3 NF4 NF5
Financial constraint L ® ® o
Capability constraint ® ®
Market constraint ® ® °
Regulatory constraint . ° .
Financial support ° . ® o
Non-financial support ] . ° o
Raw coverage 0.162 0.194 0.191 0.187 0.183
Unique coverage 0.017 0.006 0.055 0.006 0.059
Consistency 0.897 0.889 0.921 0.888 0.891
Solution consistency 0.869
Solution coverage 0.358

Note: Notation as in Table 5. Truth-table cut-offs: n > 5; raw consistency > 0.90; PRI > 0.70. Three
equally parsimonious models yield the same intermediate solution. NF2 appears as core in only one
of them and is therefore shown with peripheral conditions only (Appendix B).

The configurations alone cannot show why these firms report no environmental inno-
vation, but they allow some conjectures. Firms in NF1 and NF2 may not be undertaking
demanding process changes, may direct their innovation toward products or markets, or
may treat environmental regulation as a compliance obligation. Firms in NF3 and NF4 may
face limited market pressure to improve efficiency or may operate in protected markets,
and NF4 is also consistent with compliance without further environmental effort. In NF5,
support may have been directed to these firms because they are constrained, or it may have
been used for business survival or product development rather than for environmental
innovation; the data do not show whether the support was appropriate or effective. Overall,
the results show that the configurations for the absence of environmental innovation are
not simply the inverse of those for its presence.

Table 8 reports the sector-specific configurations for the absence of environmental
innovation. In scale-intensive industries, three configurations are found. SI-N1 combines the
absence of capability constraint with hindering regulation and non-financial support. SI-N2
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combines financial constraint with the absence of capability and market constraints. SI-N3
combines financial, market, and regulatory constraints with both financial and non-financial
support. Among specialised suppliers, SS-N3 and SS-N4 combine financial constraint with
financial support. The two configurations largely overlap; S5-N4 adds little unique coverage
(0.010) and is read as a variant of the same path. In science-based industries, SB-N2
combines financial constraint with hindering regulation, but it appears in only one of the
three intermediate solutions. Among specialised suppliers and science-based industries,
configurations commonly combine the absence of market constraint with support. No
configuration is found in supplier-dominated industries.

Table 8. Configurations for the absence of IEB_FIRM by the Pavitt sector.

Scale-Intensive Specialised Suppliers Science-Based
Condition SI-N1 SI-N2  SIN3t+  SS-N1 SS-N2 SS-N3 SS-N4  SB-N1  SB-N2t

Financial constraint L] L] L] L] °
Capability constraint ® ® .
Market constraint ® L ® ® ®
Regulatory constraint L] ® L] . L]
Financial support ° ° °
Non-financial support [ [ ] [ [ ]
Raw coverage 0.192 0.215 0.197 0.336 0.403 0.241 0.218 0.370 0.204
Unique coverage 0.047 0.090 0.066 0.052 0.133 0.028 0.010 0.237 0.071
Consistency 0.885 0.863 0.912 0.856 0.908 0.870 0.875 0.887 0.817
Solution consistency 0.860 0.871 0.846
Solution coverage 0.349 0.589 0.441

Note: Notation as in Table 5. Truth-table cut-offs: n > 3; raw consistency > 0.90; PRI > 0.70. No
configuration meets the cut-offs in supplier-dominated industries. Equally parsimonious models:
scale-intensive 3 (four intermediate solutions); science-based 1 (three intermediate solutions); core
conditions are those that appear as core in a majority of the equally parsimonious models (Appendix B).
t Appears in only some of the intermediate solutions (SI-N3: two of four; SB-N2: one of three); the
reported configuration consists of the conditions that appear in a majority of these solutions.

SI-N1 may describe firms that either do not undertake demanding process changes
or treat regulation mainly as a compliance cost. SI-N2 is consistent with firms that lack
resources and face little pressure to act, and SI-N3 may indicate firms facing multiple pres-
sures whose limited financial resources restrict the adoption of environmental innovation.
The combination of financial constraint and financial support in SS5-N3 and SS-N4 may
reflect support directed to constrained firms, support that covers only part of the cost, or pro-
grammes that require substantial contributions from firms. The combination of the absence
of market constraint with support among specialised suppliers and science-based industries
may indicate that firms with secure demand use support for product development rather
than environmental innovation.

Overall, the configurations for the absence of environmental innovation only partly
reverse those for its presence, and no configuration is the complete opposite of F2. Condi-
tions such as the absence of capability constraint, the absence of market constraint, financial
constraint, hindering regulation, and the use of support are more common among configu-
rations without environmental innovation. In particular, government support appears in 12
of the 14 configurations for the absence, compared with only three of the nine configurations
for the presence. This comparison should be read with care. Counting configurations gives
each the same weight, although some cover many firms and others only a few, and the
solutions on both sides explain only part of their outcome. Support is also often directed
to firms that face constraints, so its frequent appearance in configurations without envi-
ronmental innovation may show where support goes rather than what it does. The same
caution applies to the finding that financial support and the financial constraint it targets
appear together only in configurations for the absence of environmental innovation (NF1,
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NE5, SI-N3, SS-N3 and SS-N4), whereas non-financial support appears together with both
capability and market constraints only in F1, a configuration for its presence. These patterns
describe configurations rather than individual firms and therefore do not establish that
government support reduces environmental innovation.

4.5. Robustness Check

Table 9 shows the results of the robustness check following the logic of Oana and
Schneider [62]. The configurations obtained under each specification, with their consistency
and coverage, are reported in Appendix C (Table A4). Each specification is estimated
with the same procedure as the baseline, including the enhanced standard analysis. With
lower thresholds of 0.80 for raw consistency and 0.60 for PRI, all baseline typical cases
remain covered. Raising the constraint crossovers by 0.5 of an average rating retains one
pooled configuration, F2 (61% of the typical cases), while F1 is lost; the sector solutions are
largely retained (73-84%). When the outcome crossover is raised by one point or support
requires at least two instruments, no pooled configuration meets the cut-offs, although the
supplier-dominated and scale-intensive solutions largely persist under the stricter support
calibration; under the stricter outcome calibration, the sector solutions are also largely
lost. Under percentile anchors, the pooled solution retains no typical case, whereas the
scale-intensive and specialised-supplier solutions are largely retained. In scale-intensive
industries, capability constraint combined with the absence of hindering regulation appears
in the solution of every specification that yields configurations and is thus relatively stable,
although it too disappears when the outcome crossover is raised. The pooled solution
depends on the calibration of the outcome, support and constraint sets and should be read
with this caution.

Table 9. Robustness of the solutions for IEB_FIRM.

Specification Pooled Supplier-Dominated Scale-Intensive Specialised Suppliers
Baseline 2 4 2 1
Thresholds 0.80/0.60 2 (1.00) 6 (1.00) 2 (1.00) 2 (1.00)
Constraint crossover +0.5 1 (0.61) 2 (0.73) 1(0.84) 2 (0.78)
Outcome crossover +1 0 (0.00) 2 (0.16) 0 (0.00) 1(0.44)
Support crossover 1.5 0 (0.00) 2(0.84) 1 (1.00) 1(0.44)
Percentile anchors 1 (0.00) 5(0.35) 3(0.99) 3(0.89)

Note: Number of configurations (share of baseline typical cases retained). Crossovers: constraints
+0.5 average rating; outcome +1 point; support 1.5 instruments. For capability constraint, the shifted
crossover is set at 20.5 instead of 21 so that no case has a membership of exactly 0.5. Each specification
follows the baseline procedure; where alternative intermediate solutions differ in more than one
configuration, or none consists of the conditions that appear in a majority of them, the configurations
that appear in a majority of the solutions are reported. The configurations and their consistency and
coverage are reported in Appendix C (Table A4). Percentile anchors: 75th and 25th percentiles of the
constraint scores for full membership and full non-membership, and the median minus 0.5 for the
crossovet, so that no case has a membership of exactly 0.5.

5. Discussion and Conclusions
5.1. Discussion of the Findings

The results show that environmental innovation among SMEs is associated with several
combinations of conditions. A recurring pattern is the presence of capability constraints.
In the pooled sample, the main configuration for environmental innovation combines the
absence of financial constraint with capability and market constraints, while both financial
and non-financial support are absent. A similar pattern also appears in supplier-dominated
and scale-intensive industries. Environmental innovation among specialised suppliers is
associated with market and regulatory constraints, whereas scale-intensive firms report
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environmental innovation even without market pressure. In science-based industries, no
common configuration is identified.

Government support appears much more frequently in configurations associated with
the absence of environmental innovation than in those associated with its presence. In
addition, financial support and the financial constraint it is intended to address appear
together only in configurations associated with the absence of environmental innovation,
whereas non-financial support accompanies both capability and market constraints in F1.
Finally, the configurations for the absence of environmental innovation are not simply
the opposites of those for its presence. Although several conditions are more common in
configurations associated with the absence of environmental innovation, no configuration
fully reverses the main configuration.

These patterns can be interpreted in several ways, although the configurations them-
selves do not show the underlying mechanisms. One possible explanation for the recurring
capability constraints is that even if firms possess sufficient financial resources for environ-
mental innovation, they may still face difficulties in identifying, adopting, or implementing
appropriate technologies. This is in line with evidence that knowledge barriers mainly re-
flect learning from engagement in innovation rather than deterring it [22], and that barriers
related to skilled labour, partners and technological knowledge matter more for firms in
countries closer to the technological frontier, whereas finance barriers matter less [66]. The
nature of the capability constraint may differ across sectors: in supplier-dominated indus-
tries, it may concern the adoption and operation of externally supplied machinery, whereas
in scale-intensive industries it may involve the technical skills required for incremental
improvements in production processes. The sector results also suggest that market and reg-
ulatory pressures may relate differently to environmental innovation across technological
regimes. The absence of a common configuration in science-based industries is open to two
readings. This may reflect the heterogeneity of these industries, or environmental innova-
tion may arise from R&D and product development rather than from distinct combinations
of constraints and support. R&D has been found to be a central internal knowledge source
for environmental innovation [67]. However, other evidence shows that internal R&D is
not the main source of environmental innovation, which depends more on regulation, cost
savings and external knowledge [68]. This explanation therefore remains a proposition to
be tested.

The patterns of government support should not be interpreted as evidence that gov-
ernment support reduces environmental innovation, since the configurational analysis does
not establish a causal effect. Instead, they are consistent with several possibilities. Since
support often targets firms facing financial and non-financial constraints, these firms—
unlike others—may have little room to consider environmental innovation. Alternatively,
given evidence that government financial support helps SMEs survive but does not lead
to growth [69], that additional funds are spent on innovation mainly by firms with high
innovative capability [70], and that subsidies do not significantly affect environmental
innovation [54], such support may be used for product development or firm survival but
may not be sufficient to overcome the constraints that firms face. By contrast, government
R&D subsidies have been found to reduce the long-term survival of Korean SMEs [71],
so the role of support in firm survival may depend on the type of support and remains
to be verified. However, since this study measures support by the number of instruments
used, not by the amount received, it is difficult to distinguish between these possibilities;
therefore, caution should be exercised in the interpretation of the findings. The contrast
between financial and non-financial support suggests that the two types of support may
relate differently to environmental innovation, a proposition that requires further testing.
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In sum, the results suggest that the combinations of constraints and support may reflect
the process through which SMEs adopt environmental innovation. Capability constraints
may be encountered in the course of pursuing such innovation rather than preventing
it, market pressure may act as a motive and not only as an obstacle, and the absence of
the outcome is only partly the reverse of its presence, so the presence and absence of
environmental innovation are not defined by a simple mirror-image relationship.

5.2. Policy Implications

Because environmental innovation in SMEs contributes to resource efficiency and the
low-carbon transition, the design of support for it is part of the policy mix for sustainability
transitions [36], and the findings offer several implications for this design. First, government
support should be tailored to the constraints firms face and to technological regimes rather
than applied uniformly. The combinations of conditions that accompany environmental
innovation differ across sectors, and no single condition is necessary for it. Second, finance
may not be the main limitation for many innovating firms, so support aimed at building
technical capability may be more conducive to environmental innovation than additional
finance. The main configurations show that environmental innovation often occurs among
firms that report capability constraints but not financial constraints, and many of these
firms use no government support. In scale-intensive industries, where this link between
capability constraint and environmental innovation is relatively stable across specifications,
programmes that strengthen engineering skills for process improvement may be particularly
relevant. Third, the design and implementation of environmental regulations may deserve
attention alongside direct support. Among specialised suppliers, environmental innovation
accompanies market and regulatory constraints, whereas across the sample, hindering
regulation is more common in combinations without environmental innovation. Fourth,
financial support programmes should be evaluated for whether their scale and the contri-
bution they require from firms match the constraints firms face. Financial support coexists
with financial constraint only in configurations in the absence of environmental innovation,
and this study does not show whether this support was adequate. These implications rest
on associations rather than causal effects. Whether support is adequate in amount, how
firms actually use it, and which mechanisms underlie the sectoral differences were not
observed in this study and remain questions for future research.

5.3. Limitations and Future Research

This study has several limitations. First, its cross-sectional design does not permit
causal inference. Because support and environmental innovation refer to the same period,
the data do not show whether support preceded or followed the innovation or whether
the constraints firms report acted as barriers or as stimuli, and the firm-level mechanisms
proposed to interpret the configurations remain to be examined in interviews and panel
studies. Second, the study focuses on environmental innovation within the firm, and both
constraints and environmental benefits are self-reported. Perceptions of obstacles may
differ between firms facing the same conditions, and firms that achieved environmental
innovation may judge regulation more favourably after the fact. In addition, government
support is measured by the number of instruments used, not by the amount received or its
adequacy, so the analysis cannot show whether it was sufficient. Third, as is common in
large-N fsQCA, where case heterogeneity lowers consistency and makes solutions more
responsive to calibration and threshold choices [56], some solutions vary with these choices;
in particular, the pooled solution and F1 depend on the calibration of the outcome, support
and constraint sets (Section 4.5). Moreover, solution coverage is moderate, so the configura-
tions describe sufficient paths for only part of the SMEs with environmental innovation;
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future research could add conditions such as R&D intensity or environmental management
practices. Fourth, the sample includes only innovation-active SMEs subject to environmental
regulation. Barriers that deter firms from innovating [22] are therefore not observed, and
the findings should not be generalised to SMEs as a whole. Future research that includes
non-innovators could distinguish revealed from deterring barriers. Finally, the data come
from a single survey of Korean manufacturing SMEs, and the findings may differ in other
countries and periods.
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PRI Proportional reduction in inconsistency
QCA Qualitative comparative analysis

R&D Research and development

SMEs  Small and medium-sized enterprises
STEPI  Science and Technology Policy Institute
Appendix A.

Table A1 reports the distributions of the raw measures and of the calibrated member-
ship scores in the pooled sample.

Table A1. Distributions of the raw measures and membership scores (N = 1293).

Raw Measure Membership Score
Set _
Range Mean SD Median 25th 75.th Share of Mean Share > 0.5
Percentile Zeros
Financial constraint 0-20 6.26 3.79 6 4-8 5.0% 0.24 20.9%
Capability constraint 0-35 15.84 6.90 16 11-21 1.1% 0.44 43.3%
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Table A1. Cont.

Raw Measure Membership Score

Set

Range Mean SD Median §5th_75.th Share of Mean Share > 0.5
ercentile Zeros

Market constraint 0-10 4.35 217 4 3-6 7.9% 0.46 45.0%

Regulatory constraint 1-5 3.10 0.96 3 2-4 - 0.33 30.6%

Financial support 0-3 0.95 1.19 0 0-2 53.9% 0.40 46.1%

Non-financial support 04 0.95 1.43 0 0-1 58.2% 0.37 41.8%

IEB_FIRM (outcome) 0-12 3.21 3.13 2 0-5 27.8% 0.46 49.9%

Note: Raw measures and calibration anchors as defined in Tables 2 and 3. Share of zeros = share
of SMEs with a raw score of zero (for constraints, all items rated “not applicable”; for support, no
instrument used). Regulatory constraint is measured on a 1-5 scale (1 = 51, 2 = 345, 3 = 370, 4 = 483,
5 = 44 SMEs) and reversed before calibration.

Table A2 reports the analysis of necessary conditions for environmental innovation of
firms in each Pavitt sector. No condition reaches the necessity threshold of 0.90 in any sector.

Table A2. Analysis of necessary conditions for IEB_FIRM by Pavitt sector (consistency).

Condition

Supplier-Dominated

Scale-Intensive Specialised Suppliers Science-Based

(n = 259) (n = 443) (n = 325) (n = 266)

Financial constraint 0.265 0.272 0.287 0.324
~Financial constraint 0.856 0.891 0.885 0.863
Capability constraint 0.624 0.626 0.584 0.562
~Capability constraint 0.611 0.605 0.699 0.733
Market constraint 0.565 0.620 0.626 0.633
~Market constraint 0.662 0.621 0.648 0.663
Regulatory constraint 0.450 0.327 0.385 0.456
~Regulatory constraint 0.713 0.866 0.817 0.772
Financial support 0.363 0.366 0.366 0.542
~Financial support 0.757 0.775 0.800 0.664
Non-financial support 0.254 0.324 0.391 0.468
~Non-financial support 0.850 0.811 0.804 0.748

Note: ~ = absence. Values are consistency scores of necessity. No value reaches 0.90.

Appendix B.

Table A3 reports, for each analysis with several equally parsimonious models or several
intermediate solutions, the number of solutions in which each configuration appears and
the number of parsimonious models in which each of its conditions appears as core. A
condition is shown as core in Tables 6-8 if it appears as core in a majority of the equally
parsimonious models.

Table A3. Core conditions across equally parsimonious models and alternative intermediate solutions.

. . . Solutions in Which the Number of Parsimonious Models in Which Each Condition
Analysis Configuration ) .
Configuration Appears Appears as Core
Table 6:
supplier-dominated SD1 9/9 ~Fin_cons 6; Cap_cons 6; ~Reg_cons 0; ~Gov2 6
(9 models)
SD2 9/9 ~Fin_cons 0; ~Reg_cons 9; Gov1 9; ~Gov2 9
SD3 9/9 ~Fin_cons 9; Cap_cons 9; Mkt_cons 0; ~Gov1 3; ~Gov2 6
SD4 9/9 Cap_cons 6; ~Mkt_cons 2; Reg_cons 2; Gov1 2; ~Gov2 6

https://doi.org/10.3390/su182111197


https://doi.org/10.3390/su182111197

Sustainability 2026, 18, 11197

20 of 25

Table A3. Cont.

Analysis

Configuration

Solutions in Which the Number of Parsimonious Models in Which Each Condition

Configuration Appears Appears as Core
Table 6: scale-intensive .
SI1 2/2 ~Fin_cons 1; Cap_cons 2; ~Mkt_cons 2; ~Reg_cons 1; ~Gov1 2
(2 models)
SI2 2/2 ~Fin_cons 0; Cap_cons 2; ~Reg_cons 2; ~Gov1 2; ~Gov2 2
Table 7: absence, pooled NF1 3/3 Fin_cons 3; ~Cap_cons 3; Gov1l 3; Gov2 3
(3 models)
NF2 3/3 ~Cap_cons 1; Reg_cons 1; Govl 1; Gov2 1
NF3 3/3 ~Fin_cons 3; ~Mkt_cons 3; ~Gov1 3; Gov2 3
NF4 3/3 ~Fin_cons 3; ~Mkt_cons 3; Reg_cons 3; Gov2 3
NF5 3/3 Fin_cons 3; Mkt_cons 3; Reg_cons 3; Gov1l 3
Table 8: absence,
scale-intensive (3 models; SI-N1 4/4 ~Cap_cons 3; Reg_cons 3; Gov2 3
4 intermediate solutions)
SI-N2 4/4 Fin_cons 3; ~Cap_cons 3; ~Mkt_cons 3; ~Reg_cons 0
SI-N3 2/4 Fin_cons 3; Mkt_cons 2; Reg_cons 3; Gov1l 2; Gov2 2
Table 8: absence,
science-based (1 model; SB-N1 3/3 ~Mkt_cons 1; Gov2 1
3 intermediate solutions)
SB-N2 1/3 Fin_cons 1; Reg_cons 1

Note: ~ = absence. Supplier-dominated configurations are taken from the conservative solution,
which is identical across the nine models. The other configurations are taken from the intermediate
solutions. Where these are identical across models (scale-intensive industries for the presence of the
outcome; the pooled sample for its absence), the common solution is reported. Where they differ
(scale-intensive and science-based industries for the absence of the outcome), the configurations that
vary across solutions (SI-N3 and SB-N2) consist of the conditions that appear in a majority of the
solutions.

Appendix C.

Table A4 reports, for each robustness specification in Table 9, the configurations for
the presence of IEB_FIRM with their consistency and raw and unique coverage, and the
consistency and coverage of the solution.

Table A4. Configurations for IEB_FIRM across robustness specifications.

Sample Specification Configuration Cons. Raw cov. Unique cov.
Pooled sample Baseline Fin_cons*Cap_cons*Mkt_cons*~Reg_cons*~Gov1*Gov2 0.935 0.108 0.019
~Fin_cons*Cap_cons*Mkt_cons*~Reg_cons*~Gov1*~Gov2  0.852 0.338 0.250
Solution 0.850 0.357
Thresholds 0.80/0.60 Fin_cons*Mkt_cons*~Reg_cons*~Gov1*Gov2 0.930 0.117 0.029
~Fin_cons*Cap_cons*~Reg_cons*~Gov1*~Gov2 0.826 0.403 0.315
Solution 0.827 0.432
+C(§) 1515tra1nt crossover ~Fin_cons*Cap_cons*Mkt_cons*~Reg_cons*~Gov1*~Gov2  0.868 0.286 0.286
Solution 0.868 0.286

Outcome crossover

+1

No configuration meets the cut-offs

Support crossover 1.5  No configuration meets the cut-offs

Percentile anchors Fin_cons*Cap_cons*Mkt_cons*Reg_cons*~Gov1*Gov2 0.927 0.075 0.075

Solution 0.927 0.075
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Sample Specification Configuration Cons. Raw cov. Unique cov.
iup plier- Baseline ~Fin_cons*Cap_cons*~Reg_cons*~Gov2 0.835 0.438 0.061
ominated
~Fin_cons*~Reg_cons*Gov1*~Gov2 0.826 0.202 0.031
~Fin_cons*Cap_cons*Mkt_cons*~Gov1*~Gov2 0.843 0.342 0.023
Cap_cons*~Mkt_cons*Reg_cons*Gov1*~Gov2 0.872 0.149 0.032
Solution 0.801 0.526
Thresholds 0.80/0.60 ~Fin_cons*Cap_cons*~Reg_cons*~Gov2 0.835 0.438 0.051
~Fin_cons*~Reg_cons*Gov1*~Gov2 0.826 0.202 0.017
~Fin_cons*~Cap_cons*~Mkt_cons*Reg_cons*~Gov2 0.809 0.248 0.080
~Fin_cons*Cap_cons*Mkt_cons*~Gov1*~Gov2 0.843 0.342 0.016
Cap_cons*~Mkt_cons*Reg_cons*Gov1*~Gov2 0.872 0.149 0.029
Cap_cons*Mkt_cons*~Reg_cons*~Gov1*~Gov2 0.834 0.325 0.007
Solution 0.776 0.613
Sonstuaint crossOver_Fin_cons*Cap_cons*~Gov2 0.832 0436 0276
~Fin_cons*~Reg_cons*Gov1*~Gov2 0.819 0.204 0.044
Solution 0.806 0.480
flutcome CTOSSOVEr Cap_cons*~Mkt_cons*Reg_cons*Gov1*~Gov2 0.850 0.161 0.012
~Fin_cons*Cap_cons*~Mkt_cons*Gov1*~Gov2 0.866 0.182 0.033
Solution 0.857 0.194
Support crossover 1.5  ~Fin_cons*Cap_cons*~Reg_cons*~Gov1*~Gov2 0.843 0.425 0.320
~Mkt_cons*Reg_cons*Gov1*~Gov2 0.829 0.169 0.064
Solution 0.823 0.489
Percentile anchors Cap_cons*~Reg_cons*Gov1*~Gov2 0.881 0.166 0.038
Fin_cons*Cap_cons*Reg_cons*~Gov2 0.838 0.156 0.066
Fin_cons*~Cap_cons*~Reg_cons*~Gov1*~Gov2 0.839 0.158 0.075
~Fin_cons*Cap_cons*~Mkt_cons*~Reg_cons*~Gov2 0.887 0.183 0.080
~Fin_cons*~Cap_cons*~Mkt_cons*Reg_cons*~Gov2 0.886 0.141 0.059
Solution 0.823 0.484
Scale-intensive Baseline ~Fin_cons*Cap_cons*~Mkt_cons*~Reg_cons*~Govl 0.881 0.295 0.016
~Fin_cons*Cap_cons*~Reg_cons*~Gov1*~Gov2 0.863 0.461 0.182
Solution 0.863 0.477
Thresholds 0.80/0.60 ~Fin_cons*Cap_cons*~Mkt_cons*~Reg_cons*~Gov1l 0.881 0.295 0.016
~Fin_cons*Cap_cons*~Reg_cons*~Gov1*~Gov2 0.863 0.461 0.182
Solution 0.863 0.477
-E(()), r515traint crossover ~Fin_cons*Cap_cons*~Reg_cons*~Gov1*~Gov2 0.875 0.415 0.415
Solution 0.875 0.415
+Olu teome crossover No configuration meets the cut-offs
Support crossover 1.5 ~Fin_cons*Cap_cons*~Reg_cons*~Gov1 0.847 0.507 0.507
Solution 0.847 0.507
Percentile anchors Fin_cons*Cap_cons*~Reg_cons*~Gov1 0.875 0.237 0.102
~Fin_cons*Cap_cons*~Reg_cons*~Gov2 0.852 0.366 0.224
~Fin_cons*~Cap_cons*Mkt_cons*~Reg_cons*Gov1*Gov2 0.939 0.064 0.020
Solution 0.840 0.489
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Table A4. Cont.

Sample Specification Configuration Cons. Raw cov. Unique cov.
Sp ecu?hsed Baseline ~Fin_cons*Mkt_cons*Reg_cons*~Gov1 0.868 0.217 0.217
suppliers
Solution 0.868 0.217
Thresholds 0.80/0.60 ~Fin_cons*Cap_cons*~Gov1*~Gov2 0.833 0.408 0.071
~Fin_cons*Mkt_cons*~Gov1*~Gov2 0.826 0.434 0.097
Solution 0.809 0.506
f(;) r;stramt crossover ~Fin_cons*Mkt_cons*Reg_cons*~Gov1 0.880 0.207 0.038
~Fin_cons*~Cap_cons*Mkt_cons*~Gov1*~Gov2 0.885 0.318 0.149
Solution 0.870 0.356
Slu teome crossover ~Fin_cons*Cap_cons*Mkt_cons*Reg_cons*~Gov1*~Gov2  0.880 0.193 0.193
Solution 0.880 0.193
Support crossover 1.5 ~Fin_cons*Cap_cons*Mkt_cons*Reg_cons*~Gov1*~Gov2  0.888 0.176 0.176
Solution 0.888 0.176
Percentile anchors ~Cap_cons*Mkt_cons*Reg_cons*~Gov1*~Gov2 0.898 0.122 0.028
~Fin_cons*Cap_cons*Mkt_cons*~Reg_cons*Gov1*Gov2 0.907 0.094 0.040
~Fin_cons*Mkt_cons*Reg_cons*~Gov1*~Gov2 0.909 0.137 0.037
Solution 0.889 0.205
Note: ~ = absence; * = combination of conditions; Cons. = consistency; cov. = coverage. Specifica—

tions as in Table 9. Each specification follows the baseline procedure (enhanced standard analysis;
intermediate solution, or conservative solution if the consistency of the intermediate solution is below
0.80). Where only one configuration is found, unique coverage equals raw coverage.
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