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ABSTRACT: This systematic review synthesises evidence from 40 studies to advance the debate on the European Union
Emissions Trading System, moving from whether it stimulates green innovation to how, when, and for whom. We estab-
lish that its impact is contingent on a triad of factors: a stable, sufficient carbon price (e.g., >625—-30/ton); sophisticated
institutional design (e.g., auctioning); and, crucially, its role as the core of a synergistic policy portfolio amplified by tools
like research and development subsidies and the Carbon Border Adjustment Mechanism. The findings provide policymak-
ers with an evidence-based roadmap for leveraging carbon pricing as the cornerstone of an innovation-driven climate
strategy, while highlighting the need for tailored approaches due to significant heterogeneity across firms and member
states.
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Introduction

Climate change mitigation is a defining global challenge. In response, the European Union has
established the Emissions Trading System (EU ETS), the world’s largest carbon market, as its core
climate policy. While the EU ETS has proven effective in reducing emissions (Bielecki, 2023; Erdogdu,
2025; Adamolekun, 2024), its role in stimulating green innovation - essential for deep decarboniza-
tion - remains contested, particularly in the electricity sector, the backbone of Europe’s energy sys-
tem (OECD, 2011a; Lilliestam et al., 2021).

Theoretical support is provided by the Porter Hypothesis, which suggests that well-designed
environmental regulation can induce innovation and enhance competitiveness (Porter & van der
Linde,1995). Empirical findings, however, are mixed. Some studies report that the EU ETS has stimu-
lated low-carbon investment and patenting (Calel & Dechezleprétre, 2016; Cantone et al.,, 2023; Chen
etal,, 2024; Cracios, 2024), while others find limited or no innovation effects (Lilliestam et al., 2021;
Fischer & Newell, 2008; Jenkins, 2014). However, this divergence is partially attributed to policy
design and contextual factors - such as price volatility, over-allocation, and short-term compliance
incentives - rather than to the carbon price level alone (Anderson & Di Maria, 2011; Laing et al., 2014;
van den Bergh & Savin, 2021).

These contingencies are particularly salient in the electricity sector, a major emitter central to the
EU’s 2050 climate neutrality target and our main concern. Compared with trade-exposed industries
such as steel or cement, electricity generation exhibits distinct innovation dynamics due to high cap-
ital intensity, regulatory complexity, and strong path dependence on fossil-based infrastructure.
These characteristics make the sector’s response to the EU ETS both critical and structurally distinct.

Despite growing interest, three major research gaps remain. First, most existing reviews priori-
tise emission reductions or economic efficiency, treating innovation as a secondary or exogenous
outcome (Laing et al., 2014). Second, empirical evidence is fragmented across analytical levels - from
firm-level patenting to sectoral investment - without a unifying framework, thereby limiting cumula-
tive insights and cross-study comparability (van den Bergh & Savin, 2021). Third, few studies adopt
an explicit policy-oriented perspective that systematically examines interactions between carbon
pricing and complementary instruments such as R&D subsidies, renewable energy targets, and the
Carbon Border Adjustment Mechanism (CBAM); where such analyses exist, they typically focus on
isolated instrument pairs rather than an integrated policy portfolio (Fischer & Newell, 2008; Antim-
iani et al,, 2023).

This review synthesizes literature from 2000-2025 and makes three contributions:(1) shifting
the debate from whether to how, when, and for whom carbon pricing stimulates innovation;(2)
developing an integrative analytical framework that emphasizes institutional design and contextual
heterogeneity; and (3) advancing the argument that carbon pricing reaches its maximum innovation
potential when embedded as the core of a strategically integrated policy portfolio.

Methodology

This study followed PRISMA guidelines to conduct a transparent and reproducible systematic
review.

Search Strategy

A systematic literature search was conducted in Scopus and Web of Science in April 2025. The
search combined terms related to (1) the policy (“EU ETS” or “European Union Emissions Trading
Scheme”), (2) the outcome (“green innovation”, “environmental innovation” or “low-carbon innova-
tion”), and (3) the sector (“electricity sector” or “power sector”). The search was restricted to Eng-

lish-language, peer-reviewed journal articles published between 2000 and 2025.
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Study Selection and Screening

The search yielded 78 records. Following PRISMA guidelines, a two-stage screening process was
applied. Titles and abstracts were screened for relevance to the EU, the electricity sector, and green
innovation, after which full texts were assessed against three criteria:(1) empirical analysis of the EU
ETS-innovation relationship, (2)a primary focus on the electricity sector, and (3) explicit measure-
ment of green innovation (e.g., patents, R&D, or technology adoption). This process resulted in a final
sample of 40 studies (Figure 1).

Identification

Records identified from*:
Databases (n =2):
Scopus (n=66),

Web of science (n=12)
Registers (n =0)

\4

Screenina

Records screened
(n=78)

\ 4

Reports sought for retrieval
(n =56)

Records removed before
screening:
Duplicate records removed
(n=0)
Records marked as ineligible
by automation tools (n = 0)

Records excluded**
(n=22)

v

\ 4

Reports assessed for eligibility
(n =56)

Reports not retrieved
(n=0)

v

Included

Studies included in review
(n = 40)

Reports of included studies
(n=40)

v

Reports excluded:

Reason 1 (n = 8): Research
object/background focus
mismatch((ex:the power sector
is not the main research object,
but only one of the broad
backgrounds.)

Reason 2 (n =5): Core causality
mismatch(ex:study the impact

of carbon pricing on emissions

or electricity prices, rather than on
Green Innovation.)

Reason 3 (n =3): Research methods
or types are inconsistent(ex: lack
of empirical analysis or theoretical
model, only descriptive comments)
etc.

Figure 1. PRISMA 2020 flow diagram of the systematic literature search and selection process
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To enhance rigour, the corpus was further structured into two tiers:

e Core Evidence Base (n=12): Studies employing causal designs (e.g., difference-in-differences,
instrumental variables) focused on innovation outcomes in the EU electricity sector.

e Supporting Literature(n=28): Studies providing relevant theoretical, contextual, or comparative
insights but not meeting both core criteria (e.g., simulations, multi-sector analyses, conceptual

papers).

Data Extraction and Synthesis

Data were extracted using a standardised form. Predefined criteria categorised the ‘Direction of
Effect’ (Positive, Negative, Mixed) and ‘Strength of Evidence’ (High, Medium, Low) based on method-
ology, with definitions detailed in the Results. Synthesis involved narrative thematic analysis and
quantitative vote-counting by methodological approach.

Scope and Limitations

This review is subject to several scope limitations. The temporal focus (2000-2025) may exclude
very recent “Fit for 55” analyses, while the sectoral focus on electricity limits direct comparison with
other ETS-covered sectors, such as aviation. Restricting the review to English-language publications
indexed in Scopus and Web of Science ensures consistency but may introduce language and database
bias by excluding non-English or grey literature. These constraints should be considered when inter-
preting the findings.

Analytical Framework

This review adopts an integrative analytical frame- EU ETS Core Price Signal
work (Figure 2), conceptualising the EU ETS’s impact on
green innovation not as direct causality but as a dynamic l
process shaped by two sequential filters.
The initial carbon price signal is first mediated by Policy Filter
the Policy Mediation Filter. Here, Institutional Design
(e.g., allocation rules, stability mechanisms) determines Institutional Design ‘

the signal’s credibility. For instance, the shift from free
allocation to auctioning post-2013 transformed the car-
bon price from a perceived temporary cost into a persis-
tent market signal. Concurrently, Policy Synergy (e.g.,
with R&D subsidies, renewable targets, CBAM) amplifies
the signal and addresses market failures carbon pricing
alone cannot correct.

This mediated signal then passes through the Con-
textual Heterogeneity Filter, leading to divergent innova-
tion responses. Divergence is moderated by three inter-
acting factors: Firm Size and Capacity, Sector Character- Sector Features
istics (e.g., cost pass-through, trade exposure), and
National/Regional Context (e.g., energy mix, political
economy). For example, a large firm’s innovation advan-
tage can be amplified in a stable, pro-decarbonization
national context but nullified under policy uncertainty J,
and fossil fuel dependence.

Palicy Synergy

3

Heterogeneity Filter

Firm Traits

Regional Contex

Innovation Outcomes

Incremental Improments

Figure 2. Analytical Framework System Transformation
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Consequently, final innovation outcomes are not a direct product of the carbon price alone, but of
its sequential transformation through these interdependent filters. This framework provides a coher-
ent structure for interpreting mixed findings and organising the subsequent synthesis.

Results and Discussion

This section employs a dual approach to ensure a transparent synthesis of findings from the 40
included studies: first, a systematic evidence table catalogues study characteristics and outcomes;
second, a quantitative vote-counting analysis is conducted to objectively tally the direction of effects,
mitigating selective interpretation and mapping consensus within the evidence base.

Synthesis Framework and Definitions

Prior to synthesis, studies were classified along two dimensions: direction of effect and strength
of evidence.

Direction of Effect was categorised as Positive when a statistically significant positive relation-
ship between the EU ETS and green innovation was identified; Negative when a significant negative
or null effect was reported; and Mixed when statistically significant effects differed across sub-sam-
ples, innovation indicators, time periods, or model specifications, without a dominant conclusion.

Strength of Evidence was assessed based on research design and causal rigour. High strength was
assigned to quasi-experimental designs (e.g., difference-in-differences, instrumental variables),
Medium to observational econometric approaches with appropriate controls (e.g., panel regressions
with fixed effects), and low to descriptive, theoretical, or simulation-based studies.

Two limitations of this classification merit acknowledgement. First, heterogeneity in temporal
and geographical coverage may not be fully captured. Second, the hierarchy prioritises causal quan-
titative designs and may underrepresent qualitative or theoretical insights. These considerations
should inform the interpretation of the synthesised results.

Quantitative Evidence Synthesis

Analysis of the twelve core studies summarised in Table 1 reveals a broadly positive relationship
between the EU ETS and green innovation, subject to several important caveats. First, the evidence
base remains limited (n=12), reflecting the relatively early stage of causal inquiry in this domain, and
the vote-counting exercise (Table 2) should therefore be interpreted as indicative rather than statis-
tically generalizable. Second, methodological heterogeneity across studies - particularly between
quasi-experimental and simulation-based approaches - means that aggregation may mask differ-
ences in causal identification strategies. Third, the absence of negative findings may reflect publica-
tion bias, inclusion criteria, or the difficulty of publishing null results, rather than definitive proof that
adverse effects do not exist.

Summary of Empirical Evidence on Carbon Pricing and Green Innovation

Study Methodology . . Key Innovation Out- Main Evidence
(Author, Year)  (Categorized) s Ejfe bl Sepls /Rt come(s) Finding Direction Strength
Noailly, J., & ' . EU Renewable vs. fossil Mixed (shift toward ‘
Smeets, R. Panel Regression Panel Econometric Model - fuel technology Medium
Electricity renewables)

(2015) patents
CaIeIA& Deche- . . Difference-in-Differences  EU ETS regulated firms . .
Zleprétre Quasi-Experimental ith hi . Low-carbon patents  Positive High
2016) with Matching (energy & industry)

Econometric Analysis .
Cantone et al. Panel Rearession (Negative Binomial (ﬂn? ETWS\aCnOUUfggtlﬁfin Low-carbon patenting  Positive (€1 price T Hidh
(2023) 9 Regression); Firm 9. 9 rate (Y02 class) — 1.4% patent 1) 9

Expectation Model aviation)
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Study Methodology . . Key Innovation Out- Main Evidence
(Author, Year)  (Categorized) flEticeicoeaen L SR Bt come(s) Finding Direction Strength
Oggioni & Theoretical Model/  Theoretical Model & Centrall-Westem Investment in nuclear Mixed (effegts mod-
Smeers . ) T . Europe; energy-inten- erated by grid and Low
Simulation Numerical Simulation S . &renewables . .

(2012) sive industries policy constraints)

Positive (policy mix:
Antimianiet  Theoretical Model/  Computable General EU27; Green Deal & Fit zfiig;r:]de?;eoygsﬂt carbon pricing + Low
al. (2023) Simulation Equilibrium (CGE) Model  for 55 context , 2 subsidy removal +

nologies . :
innovation fund)
. F . Positive (up to -10%

Pollitt et al. Theoretical Model/  Macro-econometric Model ;L;th,riz?srtz;r:erlnen3|ve Resource efficiency &  emissions by 2050; Low
(2019) Simulation (E3ME) Simulation . material substitution  slight GDP gain; no

cement, aluminium) leakage)

Optimization Model Positive (coal-to-gas

Schelleretal.  Theoretical Model/ Germany & neighboring  Operational efficiency

(2019) Simulation (MICOES—Europe) Simula- EU power systems & fuel switching switching, €50-100/t  Low
tion €0, range)
Radulescu et Panel Rearession Panel Econometric Model 26 EU Member States  Green technology E;Zggea(tgr:f:;ijm/ Medium
al. (2025) g (PQARDL) (2011-2021) patents . !
high quantiles)
Brink et al. Thearetical Model/ del Simulati FU Me;nber States, Policy design: price Mflxed' (reld|stlr|but|on
(2016) Simulation CGE Model Simulation ETS reform floors & carbon taxes of emissions; uneven Low
(2013-2030) impacts)
Laing et al. . . EU ETS-focused stud-  Investment in low- Mixed (limited direct
Other Literature Review : . . Low
(2014) ies carbon technology innovation effects)
Coria & Panel Rearession Survey and Econometric  Swedish firms under Transaction costs Positive (lower costs Medium
Jaraité (2019) 9 Analysis CO, taxand EU ETS (MRV) under CO, tax)
Aghion et al. . . Auto industry across Clean vs. dirty patents PQS|t|ve (higher fuel .
Panel Regression Panel Regression . . . prices — cleaner Medium
(2016) 80 countries (electric/hybrid) . .
innovation)
Table 2. Vote-Count of Studies by Finding and Methodology
Methodology Positive Effect Negative/No Effect Total
Quasi-Experimental 1 0 1
Panel Regression 4 0 5
Theoretical Model/Simulation 3 0 5
Other 0 0 1
8 0
Total (6.7%) (0%) 12

Overall, vote-count analysis indicates that 66.7% of core studies (8 out of 12) report statistically
significant positive effects of the EU ETS on green innovation, while the remaining studies report
mixed outcomes. Notably, none of the core studies identifies statistically significant negative effects.
Positive findings are most consistent among studies employing rigorous causal identification strate-
gies, whereas mixed results are concentrated in simulation-based analyses, which emphasise sys-
tem-level contingencies rather than refuting the underlying relationship (Oggioni & Smeers, 2012).

The core evidence identifies several innovation pathways with quantifiable effects. Low-carbon
patenting exhibits the most consistent response, with EU ETS participation associated with an
increase of approximately 10%in patenting activity and each€1 increase in allowance prices linked
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to a 1.4%rise in patenting rates. Beyond R&D outputs, operational innovation responses are also
observed, including fuel switching at carbon prices of € 50-100 per tonne (Scheller et al., 2019) and
a sector-wide reorientation toward renewable technologies (Noailly & Smeets, 2015).

Collectively, these findings confirm that the EU ETS functions as more than a compliance mecha-
nism, exerting a substantive influence on low-carbon technological change. The evidence also high-
lights the importance of methodological context: quasi-experimental studies uniformly report posi-
tive effects, while mixed outcomes primarily emerge from theoretical and simulation-based
approaches. Rather than challenging the existence of innovation effects, this pattern underscores that
outcomes depend on system conditions and policy environments under which carbon pricing oper-
ates.

Integrated Analysis of Causal Mechanisms and Policy Context

While the quantitative synthesis confirms that the EU ETS can stimulate green innovation, under-
standing when and how this occurs requires unpacking the causal mechanisms and contextual filters
shaping the price-innovation relationship. Consistent with the analytical framework (Figure 2), the
carbon price signal is mediated by policy design and transformed by heterogeneous firm-, sectoral-,
and national-level conditions.

The Core Signal and Its Fundamental Thresholds

The literature converges on the view that the carbon price constitutes a necessary but insuffi-
cient driver of green innovation. Its effect is fundamentally non-linear, reflecting what can be
described as a Price Threshold Effect (Figure 3).

10

Innovation Incentive Intensity

<€25/t €25-50€/t €50-120€/t >£120/t

Stylised relationship between carbon price levels and innovation incentives

Supporting studies identify a minimum effective price level. Prices exceeding approximately e.g.
€25-30 per tonne are required to trigger baseline responses such as fuel switching and enhanced
competitiveness of low-carbon technologies within electricity markets (OECD, 2011b; Newbery etal,,
2019). The prolonged period during which EU ETS prices remained below this threshold helps
explain the limited innovation response observed in its early phases.

As pricesrise, the dominant constraints on innovation evolve. At low levels(<€50/tonne), volatil-
ity and oversupply undermine signal credibility (Sousa & Aguiar-Conraria, 2015). At intermediate
levels (€50-120/tonne), uncoordinated national policies weaken investment incentives, producing
divergent cross-border outcomes (Oggioni & Smeers, 2012). At high levels (>€120/tonne), infra-
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structural and technological bottlenecks constrain further innovation, even in the presence of strong
price signals (Scheller et al., 2019).

These thresholds are indicative rather than fixed and can be lowered through complementary
policies. Renewable support schemes and targeted R&D subsidies can de-risk investment and amplify
innovation incentives, as illustrated by Germany’s feed-in tariff, which accelerated wind and solar
deployment independently of carbon price levels.

The Policy Mix: Synergistic Amplification of the Core Signal

The preceding analysis indicates that carbon pricing must be embedded within a broader policy
mix to overcome its inherent limitations and amplify its innovation signal. The reviewed literature
identifies three primary channels through which policy interactions strengthen carbon pricing-
induced green innovation (Figure 4).

First, complementary instruments correct market failures that carbon pricing alone cannot
address. Empirical evidence indicates that combining carbon pricing with targeted innovation sup-
port generates stronger innovation responses than pricing in isolation. Core evidence from Radulescu
et al. (2025) suggests a causal interplay between carbon pricing, broader environmental policy
frameworks, and green patent growth. Comparative institutional analyses further show that reinvest-
ing auction revenues into clean technology development transforms the EU ETS from a cost-internal-
isation mechanism into a driver of directed technological change (Narassimhan et al., 2018; Costan-
tini et al,, 2015).

Second, supportive policies enable large-scale technological transformation. While simulation
models caution that carbon pricing alone may raise operating costs without renewing capital stock
(Oggioni & Smeers, 2012), empirical trends suggest that a strategic policy mix - combining carbon
pricing with grid modernisation, streamlined permitting, and R&D support - reduces investment risk
and facilitates system-wide energy transitions (WindEurope, 2024; Ember, 2024). In this context,
carbon pricing functions most effectively when embedded within a broader green industrial policy
that coordinates infrastructure investment, innovation support, and skills development (Jakob &
Overland, 2024).

Care Carbon Pricin . . .

2 Third, reformative measures reinforce

EU ETS s o
the credibility and reach of the price sig-

Provides foundationsl . . . .
prce s nal. The innovation impact of carbon pric-
! ing is amplified when contradictory poli-
Shtenires Sons cies are removed and fiscal reforms are

aligned with decarbonization objectives.
Simulation studies demonstrate that com-
bining carbon pricing with fossil fuel sub-

Serves i oo driver

Policy Synergy

— Morh s e sidy phase-outs can simultaneously pro-
( \ mote innovation, reduce emissions, and
S Supportive Folkies support economic growth (Antimiani et
Complementary Policies (Carbon Border Reformative Palicies
(Clean energy subsidies, Adjustment, (Phasing out fossil
Public reseach funding) Grid modemization fuel subsidies)
investment) L.
al,,2023). Similarly, the CBAM strengthens
Sainthy smplify

innovation incentives by shielding EU

Jointly iy Jedraly amplidy

Innavation Incentives

a‘ DSt e }> i / firms from carbon leakage and preserving

the competitiveness of low-carbon invest-
ments (Pollitt et al., 2020).

Figure 4. Fram_ew_ork of policy _sy_nergies for
amplifying carbon pricing-induced

Technology Diffusion h .
green Innovation

Note: The diagram visually groups interactions into

three pathways to illustrate how diverse policies amplify
the core carbon price signal.
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Policy interactions can also extend innovation incentives to the demand side. Evidence from out-
side the ETS context shows that taxes targeting final energy consumption can generate stronger inno-
vation stimuli per unit of expenditure than production-side pricing alone. For example, Hajek et al.
(2019) find that fuel consumption taxes in Nordic countries induced substantial innovation responses,
reinforcing the effectiveness of upstream carbon pricing instruments.

The Critical Filter of Heterogeneity

The uniform carbon price signal is fundamentally reshaped by heterogeneous conditions - the
Contextual Heterogeneity Filter. This filter operates at multiple levels.

At the macroeconomic level, evidence shows divergent impacts. While Ko and Lee (2022) observe
that the EU ETS contributed to decoupling emissions from growth across the EU, supporting the Por-
ter hypothesis, Olasehinde-Williams (2024) finds rising ETS prices correlate with worsened macroe-
conomic performance in lower-income Eurozone countries. This variation underscores how struc-
tural inequalities can increase the innovation burden on firms in vulnerable economies.

At the firm level, a stark asymmetry exists: innovation concentrates in larger, more capable firms
(Calel & Dechezleprétre, 2016), whereas SMEs often face innovation crowding-out due to compliance
burdens (Cetin & Verschuere, 2009). Beyond resources, volatile prices can shift firm strategy towards
incremental efficiency gains over transformative R&D (Jenkins, 2014).

Sectoral characteristics further moderate impacts. A fundamental split exists between sectors
that can pass through costs (e.g., power generation in Poland; Bielecki, 2023) and trade-exposed
sectors (e.g., cement, steel) where carbon leakage risks suppress innovation incentives (Cetin & Ver-
schuere, 2009). Political economy distortions compound this, as free allowance allocation can be
skewed by lobbying, rewarding connections over innovation (Chan et al., 2013).

The national/regional context is a powerful filter. Carbon pricing can have regressive effects in
lower-income EU nations, eroding public support (Feindt et al, 2021). Crucially, uncoordinated
national strategies - epitomised by a 38% investment divergence between Germany and France due
to differing nuclear policies - can fragment the EU-wide innovation signal (van den Bergh & Savin,
2021). This problem extends to structural disparities in newer member states; for instance, Poland’s
coal-dependent energy mix and institutional constraints significantly impeded effective ETS integra-
tion (Skjeerseth & Wettestad, 2008), highlighting a collective action problem.

In summary, these multi-level interactions constitute the Contextual Heterogeneity Filter, explain-
ing why a uniform policy instrument yields divergent innovation outcomes.

Institutional Design: Architecting the Incentives

The institutional architecture of the carbon market is a core element of the Policy Mediation Fil-
ter, determining whether the price signal is reinforced or distorted.

The transition from free allocation to auctioning has been pivotal. Free allocation historically
created windfall profits that dampened innovation pressure (Keppler & Cruciani, 2010), whereas
auctioning restores signal integrity despite higher transaction costs (Coria & Jaraité, 2019). The allo-
cation process is vulnerable to political interference, which systematically distorts incentives; firms
in politically competitive constituencies are more likely to receive free allowances (Melnick, 2024).

This creates a perverse incentive structure, prompting firms to engage in strategic lobbying for
preferential treatment. Under policy uncertainty, firms may thus deprioritise long-term ESG innova-
tion in favour of short-term compliance and lobbying (Pata et al., 2024), incentivising rent-seeking
over genuine R&D.

To mitigate these distortions, performance-based benchmarking and dynamic design features
are essential (Martin et al., 2014). Reforms like the Market Stability Reserve and price floors help
manage allowance supply, curb volatility, and provide the long-term certainty required for capital-in-
tensive R&D (Brink et al.,, 2016).

In synthesis, the path from carbon price to innovation is not linear. It is activated by a sufficiently
strong and stable price, then amplified and shaped by the Policy Mediation Filter (through institu-
tional design and policy synergy), and subsequently moderated by the Contextual Heterogeneity Fil-
ter (across firms, sectors, and regions). This integrated framework explains why the empirical evi-
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dence is simultaneously positive in core findings yet deeply nuanced, providing a comprehensive
map for leveraging carbon pricing for innovation-led decarbonization.

Challenges, Limitations, and Future Research Directions

This review confirms carbon pricing can stimulate green innovation, yet reveals critical chal-
lenges. The varied findings highlight that its impact is neither automatic nor uniform, being heavily
mediated by factors like price levels and policy context.

Reconciling Theory and Evidence

A key challenge lies in reconciling theoretical predictions with empirical outcomes. The often
modest, incremental nature of observed effects suggests carbon pricing may be more effective at
driving efficiency gains than radical breakthroughs, emphasising the role of contextual contingencies.

Volatility, Costs, and Political Economy

Carbon price volatility undermines the long-term certainty required for innovation, reinforcing
the need for predictable prices above the effective threshold (Gulbrandsen & Wettestad, 2022). Fur-
thermore, it can crowd out non-targeted innovation, especially for SMEs burdened by administrative
(MRV) costs, diverting resources from strategic R&D. These issues are compounded by a politi-
cal-economy trilemma - tensions between climate ambition, competitiveness, and market integrity
- leading to politically motivated allocation and diluted price signals (Verbruggen et al., 2019).

Methodological Frontiers and Future Agenda

Methodological limitations, notably the dominance of patent-based metrics, constrain a full
understanding of the innovation journey. Future research should thus pursue a more sophisticated
paradigm:

1. Develop Beyond-Patent Metrics: Integrate metrics like demonstration projects, venture capital,

and adoption rates to map the full innovation chain (Aghion et al,, 2016).

2. Strengthen Causal Inference: Apply advanced designs (e.g., quasi-experimental methods, machine
learning) to better isolate policy effects.

3. Conduct System-Level Analysis: Use integrated assessment models to capture interactions
between carbon pricing and complementary policies.

4. Map Heterogeneity with Granularity: Use disaggregated data to investigate differential impacts
across firms, sectors, and regions for targeted policy.

5. Confront Distributional Impacts: Research just transition mechanisms, assessing socio-economic
effects and compensation.

6. Analyse Governance and Feasibility: Study the political economy and institutional preconditions
for effective, stable carbon pricing.

Advancing this agenda will provide the evidence base for smarter, more equitable policies. Real-
ising carbon pricing’s full potential requires both refined policy design and a research paradigm
capable of capturing its complex, multi-stage impacts.

Conclusion

This review synthesises evidence from 40 studies to assess the EU ETS’s role in stimulating green
innovation in the electricity sector. The central conclusion is that the critical question is no longer
whether carbon pricing can directly drive innovation, but under what conditions. Efficacy is system-
atically governed by three interdependent factors: sophisticated policy design, strategic policy inte-
gration, and contextual heterogeneity.
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Four key findings emerge:

1. Price Credibility: A carbon price must be predictably sustained above a meaningful threshold
(e.g. €25-30/tonne) to act as a credible long-term signal for innovation.

2. Institutional Integrity: Reforms such as auctioning, performance-based benchmarking, and price
stability mechanisms are crucial to maintain incentive integrity and mitigate political distortions.

3. Policy Synergy: Carbon pricing achieves maximum impact as the core of a synergistic portfolio,
amplified by complementary instruments (e.g., R&D subsidies, CBAM) and the removal of coun-
terproductive fossil fuel subsidies.

4. Contextual Sensitivity: Significant heterogeneity across firms, sectors, and member states means
a uniform price signal yields divergent outcomes, necessitating tailored, equitable implementa-
tion.

Substantial challenges remain. Price volatility, the risk of crowding out innovation in SMEs, and
political economy constraints pose persistent hurdles. Methodologically, the field must move beyond
an over-reliance on patent data to capture the full innovation journey and strengthen causal infer-
ence.

This review itself has limitations that bound its conclusions. First, it relies on published, Eng-
lish-language literature from major databases, which may introduce temporal, geographical, and
publication biases. Second, its analytical focus on patent-based metrics, while enabling synthesis,
may underrepresent non-technological or diffusion-based innovations. Third, the sector-specific
focus on electricity, while providing depth, limits direct comparability with other ETS-covered sec-
tors. These scope conditions define - and appropriately constrain - the evidence base presented.

In summary, this review argues that carbon pricing must be conceptualised not as a standalone
tool, but as the cornerstone of an integrated climate strategy. Its success hinges on a nuanced under-
standing of the Policy Mediation and Contextual Heterogeneity Filters elucidated throughout our
analysis. By fortifying the price signal through smart institutional design, embedding it within a syn-
ergistic policy mix, and tailoring its application to diverse contexts, policymakers can transform car-
bon pricing from a market instrument into a powerful engine for innovation-led, resilient, and inclu-
sive decarbonization of the power sector.

Based on the findings, unlocking carbon pricing’s full innovation potential requires policymakers
to shift from treating it as a standalone instrument to positioning it as the core of an integrated cli-
mate strategy. Specifically: First, the carbon price must be stabilised predictably above the effective
threshold by strengthening the Market Stability Reserve and implementing an EU-wide price floor,
thereby providing certainty for long-term R&D. Second, the phase-out of free allowances in the power
sector should be accelerated, and the allocation should shift towards ambitious, regularly updated
performance-based benchmarks, directly linking carbon costs to incentives for clean technology
innovation. Third, carbon pricing must be embedded in a synergistic policy mix - for instance, by
channelling auction revenues into clean-tech R&D, fully implementing the CBAM, and phasing out
fossil fuel subsidies - to create a coherent amplifying signal. Fourth, compensatory measures for vul-
nerable groups must be designed, and national regulations harmonised to ensure a just transition
and enhance multi-level governance.

To this end, through institutional reinforcement, synergistic integration, and differentiated gov-
ernance, the EU ETS can evolve from a compliance mechanism into the cornerstone of an innova-
tion-driven climate strategy that balances technological transformation, industrial competitiveness,
and social equity.
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