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Abstract

Climate policy research has greatly accelerated in recent years, resulting in the
publication of tens of thousands of policy evaluations. With immense efforts, the
Intergovernmental Panel on Climate Change (IPCC) assesses this research, aiming
to provide policymakers with the best available evidence to assist the choices and
designs of climate policies. Yet, in the wider policy evaluation community, evidence

synthesis practices, which could support the existing process, are largely missing.

In this thesis, I adopt and refine three evidence synthesis methods from other sci-
entific disciplines to test their applicability and showcase their usefulness for the
systematic assessment of the state of knowledge on climate policy questions, specif-
ically on the empirical evidence on carbon pricing. I map out the available evidence
on carbon pricing policy evaluations, assessing the state of research and identifying
research gaps; conduct a systematic review and meta-analysis on the effectiveness of
carbon pricing policies in reducing greenhouse gas emissions; and assess under what
conditions and why carbon pricing is or is not effective using a realist synthesis

method.

The evidence syntheses conducted here reveal a number of policy relevant research
findings that have been missed by previous IPCC reports. The mapping identifies
more than 4,000 evaluations of carbon pricing policies, predominantly focused on
only few policy schemes, with considerable research gaps for many other schemes.
The meta-analysis shows that carbon pricing has effectively reduced greenhouse gas
emissions in at least 17 out of 21 reviewed carbon pricing schemes, with reductions

of between -5% and -21%. The realist synthesis captures nine causal mechanisms

v



on how carbon pricing triggers emissions reductions, with varying relevance across

sectors and country contexts.

A more widespread application of evidence synthesis methods to address climate
policy questions could greatly support the IPCC in providing a meaningful and

comprehensive assessment of the climate policy options.
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Chapter 1

Introduction

1.1 Motivation

By signing the Paris Agreement, governments around the world have committed to
limit global warming to well below 2°C and to pursue efforts to limit global warming
to 1.5°C [1]. Yet, the implementation of climate mitigation policies is not on track to
reduce greenhouse gas emissions at a scale required to meet the goals set out by the
Paris Agreement [2, 3]. Systematic and rapid climate policy learning is therefore
of greatest importance to accelerate the reduction of emissions. Having a sound
understanding of what policies work, under what conditions, and why is crucial for

progress [4-6].

The good news is that with the experience from thousands of climate policies im-
plemented around the globe [7—11] and considerable scientific efforts, the world has
gathered vast knowledge of how policies need to be designed to curb the climate
crisis. Policy databases list more than 5,000 climate policies, implemented in 200
countries of the world [12, 13] and recent assessments of the scientific literature find
more than 400,000 academic publications studying climate change [14], of which
more than 80,000 specifically evaluate mitigation policies [15]. Significant varia-
tions in policy instruments and their effectiveness [16—18] provide ideal conditions

for cross-country policy learning.

The vast amounts of available evidence, however, are not yet systematically ex-

ploited to effectively inform policy decisions. An evidence base that is scattered
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across large numbers of research articles, published in hundreds of disciplinary jour-
nals is practically inaccessible for policymakers and increasingly also for researchers.
Even established global environmental assessment bodies, like the Intergovernmen-
tal Panel on Climate Change (IPCC), are more and more overburdened by the large
amount of available evidence. Global environmental assessments are meant to as-
sess all available evidence to provide a comprehensive account of the science on an
environmental issue like climate change. To fulfil this mandate, IPCC assessments
have steadily increased the amount of considered evidence throughout its six as-
sessment cycles. Sill, the increase in considered evidence was outpaced by an even
faster growth in the available evidence, leading to a decline in relative coverage of

the climate change evidence [5].

To keep up with the increase in evidence, assessments of the available research cannot
be left to environmental assessment bodies alone, but need to become a collective
task in the research community. As traditional literature reviews are increasingly
criticised for a variety of biases and their summaries are neither comprehensive nor
reproducible [19-21], more rigorous approaches are required to provide (as) unbiased
(as possible) accounts of the evidence. Methods for comprehensive, systematic,
and transparent assessments of evidence are available in other research fields [22—-
28]. These need to be adjusted for the specific multidisciplinary context and be

systematically applied in the social sciences of climate policy [4, 5].

In this thesis, I test and apply evidence synthesis methods for the evaluation of
climate policies. In particular, I create an evidence and gap map of more than
4,000 policy evaluations and conduct two systematic reviews using meta-analysis
and realist synthesis approaches, refining the methods to fit the purpose of climate
policy research. I evaluate the methods for their feasibility and identify remaining
challenges in their application. In Chapter 5, I discuss how global environmen-
tal assessments, researchers, and scientific policy advice may benefit from a wider

application of evidence synthesis methods to evaluate climate policies.

For the development and testing of the methods in this PhD thesis, I apply the
methods to the use case of carbon pricing. This market-based policy measure pro-

vides a valuable application, with more than 70 jurisdictions applying a carbon price
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to date [29], while scientific and political disputes remain on the suitability of the

policy measure to mitigate climate change.

1.2 State of evidence synthesis in climate research

1.2.1 Evolution of evidence synthesis across disciplines

About 50 years ago, Gene Glass proposed meta-analysis as a formalised research
approach to synthesise research results across large numbers of studies [30, 31] and,
together with Mary Smith, conducted its first application to synthesise the findings of
more than 300 psychotherapy evaluations [32]. This statistical method to aggregate
primary research findings was picked up by numerous reviews in education and
psychological research, over the subsequent decade [33, 34]. Medical research —
today the forerunner in evidence synthesis — only started adopting these methods in
the late 1980s and early 1990s, with an application particularly towards synthesising
the findings from randomised controlled trials [21, 35]. These times also coined the
term systematic review, which more broadly captures all reviews that apply rigorous

and transparent evidence synthesis methods.

The uptake of systematic reviews in medicine was driven by challenges, which are
comparable to the current situation in climate change research. Health practition-
ers where facing increasing amounts of available evidence with limited time and
resources to gain a systematic overview of the relevant research, when a medical
treatment decision had to be taken [36]. Just like policymakers today being over-

whelmed by the amount of relevant research for any given climate policy question.

The formalisation of systematic reviews was largely supported by Cochrane, a net-
work founded to promote the application of high-quality systematic reviews [36].
Cochrane shapes the evolution by providing systematic review guidelines, capacity
building, methods development, and publishing peer-reviewed systematic reviews

23).

These advancements in systematic review practices, in turn, feed back to the so-
cial sciences, where they originated. Fostered by the foundation of the Campbell

Collaboration in 2000, systematic reviews on social, psychological, educational, and
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criminological interventions have been revitalised [37, 38]. Systematic review meth-
ods have also spread into the fields of economics [39, 40], public management [41],
environmental sciences [42, 43|, to name a few of the disciplines relevant for the
research on climate mitigation and adaptation. In none of these disciplines, how-
ever, have evidence synthesis methods established to the same degree as in health

sciences.

1.2.2 Growing diversity in synthesis methods

Beyond the disciplinary diffusion of evidence synthesis, methods have also been di-
versified over the years. Meta-analysis as a statistical method of combining quantita-
tive evidence has been accompanied by a variety of supplementary evidence synthesis

methods for systematically assessing the state of research.

Systematic review methods have evolved to synthesise heterogenous types of evi-
dence and answer diverse types of research questions. Within Cochrane, methods to
systematically review qualitative and mixed qualitative and quantitative evidence
are developed since the late 1990s [44, 45]. Methods guidelines, today, provide a
whole range of available methods to synthesise these types of evidence [46-49]. This
also allowed for a broadening of research questions which can be addressed in sys-
tematic reviews [47, 50|, going beyond the mere hypothesis testing that underlies

quantitative meta-analysis.

Kastner et al. [27] collected a wide range of synthesis methods available today (listed
in Table 1.1), studying research questions on perceptions, blockages, enablers, con-
ceptualisations, etc. The realist synthesis method should be mentioned here as an
example of a more configurative research approach, capable of assessing both quali-
tative and quantitative evidence. The method, which will be used in Chapter 4, was
developed by Ray Pawson and colleagues in the early 2000s and aims to address the

question under what conditions and why a given intervention works [6, 28].

Systematic review approaches, providing detailed assessments of the evidence on
specific research questions, were further supplemented by mapping approaches, aim-
ing to provide broader overviews of a research field [81, 82]. Traditional bibliometric

and scientometric methods are heavily focussed on quantifying the literature land-
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Synthesis method Type of reviewed evidence Examples
Critical interpretative synthesis  qualitative & quantitative [51, 52]
Integrative review qualitative & quantitative [53-55]
Narrative synthesis qualitative & quantitative [56-58]
Realist synthesis qualitative & quantitative [59—61]
Meta-ethnography qualitative [62, 63]
Meta-interpretation qualitative [64, 65]
Meta-summary qualitative & quantitative [66, 67]
Meta-study qualitative [68]
Meta-synthesis qualitative [69, 70]
Mixed studies review qualitative & quantitative [71]
Meta-narrative review qualitative & quantitative [72, 73]
Concept synthesis qualitative [69, 74]
Meta-analysis quantitative [75-77]
Network meta-analysis quantitative [78, 79]

Table 1.1: Heterogeneity of synthesis methods for systematic reviews: The table is repli-
cated from Kastner et al. [27], who conduct a scoping review of available synthesis methods, with
a focus on methods used less frequently than the standard quantitative synthesis methods. These
quantitative synthesis methods (meta-analysis and network meta-analysis) are added from Higgins
et al. [23]. The table is replicated here to provide an idea of the variety of methods, without any
claim on completeness. Methods in this field are still evolving and there are other conceptualisations
available [48, 49, 80].

scape and citation practices [83, 84]. To provide a more qualitative description of
what evidence is out there, social sciences have developed mapping approaches [26,
85]. These approaches, termed systematic mapping, evidence mapping, or evidence
and gap mapping, aim to assess what topics have been studied, using what research
methods, to provide a topical overview of what research questions have been ad-
dressed and where are remaining gaps in the available evidence [81, 82, 86, 87].

Mapping approaches cover a larger breadth of evidence as compared to systematic

reviews, with less information extracted from each covered primary study.

More recent advancements of evidence synthesis methods are the introduction of
machine-learning approaches and the concept of constantly updated living evidence
syntheses. Evidence syntheses conduct comprehensive data collections including a
range of highly repetitive tasks. Machine-learning approaches are increasingly used

for some of these tasks to assist or replace the human reviewer [88-93].

The concept of living evidence was developed over the last decade [94-96] and be-

came popular during the global COVID-19 pandemic, when the need for constantly
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updated syntheses became ever more apparent [97, 98]. While the frequency of re-
quired policy decisions and the amount of published research to address the pandemic
was even more extreme than observed for climate change policy, living evidence syn-
theses could still serve as valuable sources of timely information for policymaking

[99).

1.2.3 Global environmental assessments

In parallel to the uptake of evidence synthesis practices described above, the climate
research community established a distinct approach for synthesising the available
evidence. Global environmental assessments, in particular those conducted by the
IPCC, bring together hundreds of field experts to assess the available evidence. Since
its foundation in 1988, the IPCC is tasked to provide comprehensive assessments of
the climate change research. This involves an intensive interaction between scien-
tists and policymakers, as the scientist’s assessment is commissioned, reviewed, and
approved by the United Nations member states [100]. In 2023 the seventh assess-
ment cycle commenced, to assess the physical science of climate change, its impacts,

as well as options for adaptation and mitigation.

The assessment of climate change mitigation in previous IPCC reports was particu-
larly strong in synthesising the evidence from scenarios, modelling future emissions
pathways. For the sixth assessment cycle, the IPCC collected more than 3,000 emis-
sions scenarios [101], conducted quality appraisal, classified the scenarios by their
predicted global warming outcomes and by the level of assumed climate action, and
synthesised the predicted emissions pathways across models [102]. These efforts
build on an active community of researchers conducting model intercomparisons

(103, 104].

Similar community efforts have not yet been established for the evaluation of im-
plemented climate policies [4, 5]. Over the past assessment cycles, the IPCC moved
from providing more theoretical and ex-ante policy assessments [105, 106] towards
more ex-post assessments [2, 107]. Due to a lack of evidence synthesis in this field,
the IPCC authors, however, had to draw directly from the large pool of available

primary evidence (see Figure 1.1). This challenges the capability of the IPCC to pro-
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Ex-ante evidence synthesis
What are alternative climate
futures and how do human
responses and solutions shape
them?

Ex-post evidence synthesis
What climate solutions have
worked, under what conditions,
for whom, and why?

Science

Assessments (Systematic reviews, evidence

(Model intercomparisons of e.g. IPCC, IPBES and gap maps, meta-synthesis

climate forcing, feedbacks, / of lessons on efficacy and

impacts, and mitigation adequacy... )

pathways; assessments of \

vulnerability, adaptation = = \

planning, and integrated Evidence synthesis | \
\

scenario analysis) |

AY

Primary research

Figure 1.1: Broken evidence pyramid: Science assessments require a solid bases of primary
evidence and syntheses thereof. The IPCC can build on synthesised ex-ante evidence from model
intercomparisons, but lacks a comparable source of synthesised ex-post evidence. This missing link
between the large amounts of relevant primary evidence and the high-level assessment, challenges
the comprehensive assessment of policy evaluations by the IPCC. The figure was kindly provided
by William F. Lamb and is adapted from Berrang-Ford et al. [4].

vide a comprehensive and rigorous assessment of all the valuable knowledge gathered

by thousands of policy evaluations.

1.2.4 Evidence synthesis in climate research

There is a growing interest within climate related research fields to adopt rigorous
evidence synthesis methods to close the gap between primary evidence and high-level
science assessments [4, 5, 108]. Yet, evidence synthesis is still sparsely applied in
climate research. The availability of machine-learning methods has lead to a number
of studies mapping out the literature landscape of different branches of climate
change research. With their large scope, they are able to provide helpful orientation
within the research field. Systematic reviews are, so far, not very prevalent in the
field and, with their lower coverage of the literature, leave wide areas of the climate
relevant research unsynthesised. A rapid search for “systematic review” and “meta-

analysis” in a dataset of climate policy literature [15] returns fewer than 250 articles.

Maps are a tool that could provide IPCC authors and other users of evidence a
comprehensive overview of the available literature. They are designed to capture
different aspects of what research has been conducted. Available maps of the climate
literature vary in their scope and detail, with larger maps commonly providing

fewer information per study than smaller maps with a more specific focus. Another
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dimension of variation in the published maps is their use of hand-labelling, machine-

learning, or their combination.

The largest map is provided by Callaghan et al. [14], who aim to map out the entire
climate change research landscape. The map is compiled using machine-learning
methods and comprises more than 400,000 research articles. These are clustered
into 140 research topics using topic modelling. Scientific disciplines are assigned
according to the journal of publication. This large mapping effort, unlike other
maps in the field, is compiled entirely by machine-learning. It shows the rapid
growth in climate change research over the past decades and assesses to what extent

different topics have been covered by the IPCC.

More commonly, at least a share of documents is screened and labelled by human
coders. Their labelling decisions are then scaled using machine-learning methods to
classify unseen documents. Callaghan et al. [15] and Sietsma et al. [109] use this
hybrid approach to map out the climate policy research respectively for mitigation
and adaptation, to provide an overview which policies receive higher or lower research
attention. Callaghan et al. [15] map 84,990 studies on implemented climate change
mitigation policies, of which 2,580 are hand-labelled. Sietsma et al. [109] classify
8,691 climate change adaptation research papers, of which 2,495 are labelled by
hand. Both studies use fine-grained typologies to cluster the studied policy. For
mitigation policies the emission sector is labelled, while for the adaptation policies
the addressed climate impact is captured. Both studies categorise evidence into

ex-post and ex-ante assessments.

A number of studies map the literature on climate change and cities [110-112], with
the most recent one finding 55,000 relevant studies (1,020 hand labelled) [113]. The
latter study clusters the articles by studied city and applies a topic model to identify

research topics. All of the above papers map the literature based on their abstracts.

A more in depth assessment of the literature on climate change adaptation was
conducted by the Global Adaptation Mapping Initiative [114], who mapped out
1,682 articles by hand-coding detailed information from the full texts of the studies.
It includes a detailed assessment of actors and drivers of adaptation actions, their

effectiveness and transformational potential. The map also appraises the study
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quality of the reviewed literature. The use of machine learning for this study was
limited to the screening of literature, where algorithms were applied to prioritise

documents based on predicted relevance.

Applications of the evidence and gap mapping approach are conducted for energy
efficiency interventions [115] and sustainable energy development [116]. The maps
identify 299 and 703 relevant studies, respectively, and categorise them by interven-
tion and outcome. In addition, both maps capture information on the study design
and the country where the study was conducted. The latter map also collects some

technical information on the energy generation and use.

Systematic reviews in the field of climate research have so far more often reviewed
quantitative evidence from ex-ante modelling studies and surveys, rather than from
ex-post policy evaluations. A number of systematic reviews also synthesise qualita-

tive evidence.

This thesis is not the first to conduct systematic reviews on carbon pricing policies.
Ohlendorf et al. [117] review distributional impacts of carbon pricing policies, based
on H3 ex-ante modelling studies. The review conducts a meta-analysis including
meta-regression to assess the variation in effect sizes. Midoes et al. [118] review and
meta-analyse 54 ex-ante studies on the synergies of carbon pricing with renewable
energy policies. There are two systematic reviews on public perception towards
carbon pricing [119, 120]. The studies review 35 and 48 survey experiments on the
role of revenue recycling for public support. Only Mohammadzadeh Valencia et
al. [119] conducts a meta-analysis to synthesise the survey findings, while Barrez
[120] narratively reviews the primary studies. Interestingly, this year another meta-
analysis on the effectiveness of carbon pricing was published, with a similar research
question as the systematic review conducted in Chapter 3. This study is further

discussed and compared to the findings of my review in section 5.1.2.

Cuevas et al. [121] systematically review the available literature on health impacts of
carbon pricing. The study synthesises the evidence on health co-benefits and trade-
offs from 58 ex-ante modelling studies using a framework analysis. A qualitative

content analysis of the ethical arguments for and against carbon pricing is conducted
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in a systematic review by Magnetti et al. [122] reviewing arguments from 210 primary

studies.

Beyond the climate change mitigation literature, there are also a number of system-
atic reviews conducted for climate change impacts and adaptation. Ford et al. [123]
and Owen [124] conduct content analyses of implemented adaptation measures and
their observed effectiveness. Ford et al. [123] assess and categorise adaptation mea-
sures based on qualitative evidence from 39 primary studies. Owen [124] extracts
qualitative and quantitative evidence on the effectiveness of adaptation measures
from 110 case studies, synthesising how effectiveness is measured across studies and
adaptation initiatives. Méjean et al. [125] systematically review the distributional
dimension of climate change impacts. The study narratively reviews the quantitative

evidence from 127 ex-ante modelling studies.

Climate relevant systematic reviews are also available in the field of behavioural or
retrofitting interventions for energy savings. Khanna et al. [77] review the effect
of behavioural interventions on household energy consumption, using meta-analytic
methods to synthesise the research findings from 122 studies. This review is now
extended as a living systematic review and will be monthly updated [126]. Willand et
al. [127, 128] and Camprubi et al. [129] systematically review the health outcomes
of retrofitting interventions in private households. Both author teams use realist
synthesis methods to assess mechanisms and context factors determining the uptake

of retrofitting programmes and their impact on health outcomes.

The decades of development and application of evidence syntheses methods in the
scientific community, has, until now, only occasionally been picked up by climate
relevant research areas. This motivates this thesis to apply various evidence synthesis
methods to the field of climate policy assessments and to evaluate their applicability

and value for climate policy learning.

1.3 Methods to systematically synthesise evidence

In this thesis, I aim to apply evidence synthesis methods that could help filling

the gap between the increasing amount of evidence from ex-post climate policy
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evaluations and the high-level assessment conducted by the IPCC (see Figure 1.1).
I adopt three evidence synthesis methods from across the spectrum of available
approaches. The applied methods range from a broad mapping of thousands of ex-
post policy evaluations to in-depth reviews synthesising research findings on specific
research questions. I explore the spectrum of systematic review methods, conducting

an aggregative meta-analysis and a configurative realist synthesis.

1.3.1 Evidence mapping

Evidence mapping is a systematic approach of assessing the literature landscape
of a research field. It studies what research is conducted and provides a structured
overview of the available evidence [25, 26]. Evidence mapping sets out what evidence
should be captured and searches for potentially relevant literature across bibliomet-
ric databases. It continues by screening the evidence returned by the literature
searches based on clearly defined eligibility criteria. Included studies are commonly
categorised based on pre-defined typologies covering topics, methods, and relevant
meta-data on the studies. The categories are used to produce visualisations and
tables to provide meaningful overviews of the literature. Often, the gathered data is
provided in interactive online repositories as a data source for further research [130,

131].

The evidence synthesis method used in Chapter 2 is a so called evidence and gap map,
characterised by the two main dimensions collected for each study: intervention and
outcome. Additional information collected for the included studies can be used for
subsampling or filtering the captured literature. The presentation of the literature
in a table capturing the two main dimensions provides an insightful overview, which
intervention—outcome combinations are studied by how many studies and where gaps
in the primary literature remain [26, 86, 130]. This can inform researchers where
further primary research is needed or for which research questions the evidence could

be synthesised in a systematic review.

I use the method to map out the available evidence from ex-post carbon pricing
policy evaluations, categorising the evidence by the studied policies, policy outcomes,

emissions sectors, and by the methods used for the evaluation. This provides a

11
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detailed overview to inform where the available evidence merits a systematic review

and where research gaps should be filled by primary research.

1.3.2 Systematic reviews

Systematic reviews assess the primary literature in more detail, studying a specific
research question and synthesising the available evidence to answer the question.
A systematic review transparently and comprehensively collects relevant studies,
extracts research findings, appraises study designs, and synthesises the evidence
from the primary studies [23, 24]. Evaluating the evidence across studies on the
same research question can compare and aggregate the findings to provide a more
robust answer to the research question. Studying patterns in the reviewed evidence
may answer research questions that none of the single studies alone could answer.
In this way, systematic reviews make use of the best available evidence to gain new

and more robust research insights [23, 24].

While there is some variation in systematic review methods, depending on the
research question and type of evidence, there are many communalities across re-
view methods. Similar to mapping approaches, systematic reviews comprehensively
search for evidence, retrieving literature across academic and grey literature reposi-
tories. A long-list of potentially relevant literature is screened based on transparent
criteria for their inclusion or exclusion, while the eligibility criteria are more narrow
than in evidence mapping. Once the relevant studies are identified the systematic
reviews significantly deviate from mapping approaches. They extract detailed in-
formation on the research findings and assess the study designs for potential biases
[132, 133]. Data is extracted from the included studies and synthesised to answer
the research question of the review. This process has been formalised by several
scientific collaborations, like the Campbell Collaboration [22], Cochrane [23], and
Collaboration for Environmental Evidence [24], to provide guidance and to ensure
high standards for the review. The synthesis of research findings can follow aggrega-

tive or configurative approaches, both of which are relevant for this thesis.
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Figure 1.2: Aggregative and configurative systematic review methods: Systematic reviews
follow a comprehensive and transparent search and selection of relevant evidence. Aggregative
reviews use comparable evidence on the same research question to derive a more robust answer.
Configurative reviews instead triangulate and interpret evidence to derive new hypotheses and
theories.

1.3.3 Aggregative and configurative synthesis

Systematic reviews can be applied to all kinds of research questions, synthesising
various types of evidence. Corresponding to the heterogeneity in research questions
and types of evidence, there is a wide array of methods available to synthesise the
evidence extracted from primary studies (see Table 1.1) [27]. Synthesis methods are
often clustered based on the type of evidence to be synthesised, i.e. distinctions
are made between qualitative, quantitative, and mixed-methods syntheses [48, 49,
134]. For the two syntheses methods applied in this thesis, the distinction proposed
by Gough et al. [50] is more meaningful. Gough et al. [50] distinguish between

aggregative and configurative synthesis methods, as depicted in Figure 1.2.

Aggregative reviews aim to test a theory or hypothesis and to identify the magnitude
and variance of an effect. It therefore collects homogeneous forms of evidence, aiming

for high comparability of reviewed studies. Such evidence is often collected from
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studies with homogeneous research designs. The synthesis then aims to aggregate
the evidence by averaging the findings from the primary studies and assessing their

variation and consistency [50].

A configurative review, on the other hand, aims to develop concepts or theory by
interpreting and exploring patterns in evidence. Configurative synthesis methods
are capable of a larger heterogeneity in the forms of the reviewed evidence. It
triangulates different lines of evidence to develop and refine theory. The broader
scope of eligible evidence does commonly not allow for an exhaustive search for

evidence, as would usually be the standard for aggregative reviews [50].

Systematic reviews usually include elements of both synthesis approaches. This also
applies for the two synthesis methods I use in this thesis. Still, if aggregative and
configurative synthesis approaches would form a one dimensional scale, the meta-
analysis, I conduct in Chapter 3, would be placed far on the aggregative side of the
scale, while the realist synthesis, in Chapter 4, would be placed much more towards
the configurative side. For the meta-analysis, I collect homogenous estimates of
effect sizes, which can be harmonised and averaged across studies. For the realist
synthesis, I collect, test, and refine hypothesised theories based on various lines
of evidence that cannot easily be harmonised. The meta-analysis, however, also
includes configurative elements, in particular, in the assessment of heterogeneity in

the primary evidence.

For the meta-analysis, I collect quantitative estimates of emissions reductions caused
by carbon pricing policies. I synthesise these estimates to study the emissions re-

ductions achieved by carbon pricing schemes implemented in different jurisdictions.

For the realist synthesis, I collect hypotheses and evidence on how and under what
conditions carbon pricing triggers emissions reductions. I synthesise the evidence to
derive an evidence-based theory of the mechanisms and context factors determining

the effectiveness of the policy.
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1.4 Research questions

This thesis is guided by three overarching research questions on the feasibility and

usefulness of evidence synthesis for evaluating climate policies.

e What are the benefits of applying evidence synthesis methods to climate policy

evaluations?

e What are the remaining challenges in mainstreaming evidence synthesis in

climate policy evaluation?

e How can evidence syntheses be used to inform actors in the different climate
policy development spheres, e.g. global environmental assessments, researchers

and policymakers?

In addition to these overarching questions, each of the syntheses conducted in Chap-
ters 2 to 4 sets out their own research questions. The overarching questions are

addressed and discussed in Chapter 5.
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Chapter 2

Living evidence and gap map of
carbon pricing policy

evaluations

2.1 Introduction

Comprehensively tracking the available scientific evidence and making it easily ac-
cessible is a critical starting point for learning about climate policies in science and
policy. Climate policy research is conducted across disciplines and countries, often
with limited overlap between research fields. Publications are scattered across hun-
dreds of disciplinary journals, do not follow any common standards in the use of
keywords, and often differ in their jargon, making it particularly difficult to trace
via the available searching tools. The evidence synthesis community has developed
evidence gap mapping as an important scientific practice to systematically gather
and lay-out scientific evidence in a particular field [86, 87]. A comprehensive, contin-
uously updated database of all research relevant to a research area, pre-sorted by the
fundamental study characteristics, would simplify the interdisciplinary assessment

of the state of research.

The best available map of climate policy evidence is provided by Callaghan et al. [15],

mapping out the entire evidence on climate mitigation policies from 84,990 research
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articles into 48 categories of policy instruments. The map further distinguishes
between ex-post and ex-ante research methods and by the studied sector. This is a
valuable overview of which types of climate policies have been studied, but does not
provide any insights, what it is about a policy that is studied in each article. I here
draw upon the more fine-grained method of evidence and gap mapping [82, 86, 87],
aiming to provide a more detailed overview of policy evaluations on carbon pricing,
studying which policy outcomes are studied, for which schemes, using what research
methods. This allows for a rigorous assessment of what research questions have yet

been addressed and where research gaps remain in the available evidence.

In this chapter, I provide the first evidence and gap map in the field of climate policy
evaluation with an application to the evidence on carbon pricing policies. Together
with a group of co-authors, we systematically search three bibliographic databases
for empirical ex-post literature on carbon pricing, screen more than 50,000 scientific
publications using a machine-learning assisted screening approach. We categorise
the identified 4,054 relevant publications based on the geographical location of the
implemented policy, policy outcome, study method, and emission sector. We use
the substantial number of more than 10,000 hand-labelled documents to test how
artificial intelligence can automatically identify and categorise relevant documents
in future and evaluate its performance against manual classifications. We share
the identified carbon pricing assessments in a comprehensive, living, open-access
database where everyone can use and explore the relevant literature to support
efforts to strengthen evidence-based policy as well as IPCC assessments through
rigours evidence synthesis. We demonstrate the direct value for science, policy,
research prioritisation and IPCC assessment by identifying research gaps in the

primary evidence and evidence synthesis gaps.

The interactive evidence and gap map is available here: https://climateliterature.

org/#/project/carbonpricing.

2.2 Methods

In this study, we apply an evidence and gap mapping approach [82, 86, 87] to provide

a systematic overview of the empirical literature on carbon pricing, focussing on ex-
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post policy assessments. Following the guidance by the Campbell Collaboration [26,
130], we search a broad range of relevant literature, screen for eligibility, extract data,
and synthesise the information. The research methods were set out in a research
protocol [135]. In the remainder of this section, we summarise our search strategy,
the screening and coding process, our synthesis method, and potential methods for

making this map “living”.

2.2.1 Literature search

We conducted a comprehensive search for potentially relevant literature in the biblio-
metric databases Web of Science, Scopus, and OpenAlex. The search string focuses
on the studied intervention, without any restrictions for other dimensions of the
PICO (population, intervention, comparator, outcome) structure, which is usually
suggested for the search string development [130, 136]. The use of a broad search is
facilitated by the application of machine-learning at the screening stage. The com-
prehensiveness of the search string was tested against a benchmark list of known
relevant studies compiled from five carbon pricing reviews [18, 137-140]. The final
search string, translated to the query syntax of each data source, is provided in the

protocol [135]. The search was performed in June 2023.

The search results are imported into the NACSOS review platform for screening
[141]. During the import, the platform automatically removes duplicates based
on the similarity of title and abstract and other bibliometric meta-data. After

deduplication 50,406 unique publications remain (see Figure 2.1).

2.2.2 Screening

We screen the 50,406 publications found by the literature search for relevance based
on three criteria: (i) the type of policy, (ii) whether the policy is implemented, and
(iii) the use of empirical ex-post study methods. Included studies should evaluate
a carbon pricing policy in the form of carbon taxes or cap-and-trade schemes that
apply a uniform price across emissions sources based on the carbon dioxide content of
the emissions or, for other greenhouse gases, their equivalent. This does not include
purely voluntary schemes or policies that introduce carbon prices through offsetting

requirements. We only include studies that analyse observed data from policies that
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Figure 2.1: Flow diagram of the literature search, screening, and automation: The left
panel is adapted from the ROSES flow diagram for systematic reviews [142] and depicts for each
stage of the search and screening process, how many documents were seen and included. The right
panel depicts how the living evidence map can be updated in future.

are already implemented with a focus on empirical policy assessments using ex-post

study designs. We are inclusive of all sorts of qualitative and quantitative ex-post

study methods but exclude purely theoretical or modelling studies.

We substantially speed up the screening and data extraction process by only consid-
ering the title and abstract (not the full text) and by prioritising which documents
to screen using machine-learning. The focus on title and abstract information comes
at the expense of detail in the characterisation of the available evidence, but allows
coding not only hundreds, but thousands of studies. Furthermore, it facilitates au-
tomated updates of the evidence and gap map in the future as this information is
readily available in bibliographic databases. The use of natural language processing
to screen documents in their order of predicted relevance has shown to substantially
reduce workloads without significant loss of recall or precision [91, 143, 144] and

allows for the use of a less restrictive search query.

We screened an initial set of 1,276 documents of randomly selected articles, of which
105 were included and 1,171 excluded after resolving eventual disagreements between

annotators. Based on this data, we train machine-learning classifiers to predict the
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relevance of unseen documents. We use these scores to iteratively select the next
batch of documents for annotation that are most likely to be relevant. The cycle of

training and predicting is repeated until all relevant documents are seen.

The first 3,272 abstracts were screened by at least two coders and discrepancies in
inclusion decisions discussed with the research team. Once high agreement between
the coders was reached (Cohen’s kappa > 0.75), the screening was conducted by

single coders and uncertainties were brought up in the research team.

The machine-learning classifier we use, is trained at regular intervals before assigning
the next batch for annotation. At each step, we choose the best model and hyper-
parameter setup by cross-validating performance of already annotated documents.
In earlier rounds, simple Ridge classifiers, support vector machines, or logarithmic
regression on dimensionality-reduced TF-IDF vectors performed best. The latter
third of assignments was done using a fine-tuned BERT transformer model. Inter-
estingly, domain-specific models like ClimateBERT [145] or SPECTER [146] did not

seem to perform better than general and smaller models.

We used a robust statistical stopping criterion to decide when we could stop screen-
ing. After we had manually screened 10,115 documents, the conservative stopping
criterion provided by Callaghan and Miiller-Hansen [144] informs us that we have
found at least 80% of the relevant documents at a confidence level of 80%. The same
authors provide in an R package [147] a more realistic stopping criterion based on
a non-central hypergeometric distribution [148], which reflects that the documents
have not been screened at random. Applying the non-central hypergeometric distri-
bution with a bias parameter equal to six, we are confident that we have found at
least 90% of the relevant documents at a confidence level of 95%. We are thus confi-
dent that our evidence and gap map includes most of the relevant policy assessments

of carbon pricing.

In total, we identified 4,054 ex-post carbon pricing policy assessments via the screen-

ing (see Figure 2.1).
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2.2.3 Data extraction

To provide a structured overview of the identified carbon pricing studies, we de-
veloped a framework for the evidence and gap map, with the two primary dimen-
sions being the specific policy scheme and policy outcomes studied. The World
Bank [29, 149] lists 73 carbon pricing schemes implemented by different jurisdic-
tions worldwide, which we use as our benchmark list of policies. The World Bank
data furthermore provides us with additional information on the geographic loca-
tion, implementation date, price level, and emission coverage of each of the policies

that we use for our assessment.

As a second dimension we capture the policy outcome studied in each publication.
We searched the literature for a suitable typology of climate policy outcomes, but
found no typology that is at the same time comprehensive and fine-grained enough to
capture all relevant policy outcomes. The IPCC provides a broad typology capturing
six outcome dimensions: Environmental effectiveness, Economic effectiveness, Dis-
tributional effects, Co-benefits and negative side-effects, Institutional requirements,
and Transformative potential [9]. For our purpose this classification of outcome do-
mains was too broad to provide a detailed overview of the policy outcomes studied
in the literature. We therefore developed a dedicated typology of policy outcomes
for this evidence and gap map, synthesising the IPCC typology with other outcome
classifications proposed in the literature [138, 140, 150-153] (see Appendix Figure
A.1). The resulting typology of policy outcomes aims to balance between the par-
ticular requirements for the map on carbon pricing policies and the generalisability
for evidence syntheses on other climate mitigation policies. The resulting typology

captures the 14 outcome categories presented in Table 2.1.

We use three additional dimensions, referred to in the evidence and gap mapping
terminology as filters. We use filters for the study method, the studied sector, and
interactions with other policies. We found that abstracts usually allow us to identify
if studies use one of the following methods: quantitative assessments, interviews or
surveys, or literature review methods. Other study methods, in particular quali-
tative research methods, can often not clearly be identified from the abstract. For

quantitative methods we further distinguish if statistical methods are used or if
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Policy outcome

Description

Environmental
effectiveness

Leakage

Innovation &
Investment

Firm behaviour
& Economic
structure

Prices of goods
and services

Household
behaviour

Competitiveness

Employment &
Labour market

Distributional
effects & Fairness

Cost effectiveness
& Efficiency

Implementation
process &
Feasibility

(Public)
Perception

Environmental
and health
co-benefits

Other

Captures reductions (or other developments) in greenhouse gas emissions
or energy use. Changes in energy use can be in the form of changes in the
quantity of energy used or in the form of changes in the sources (coal, gas,
renewables, etc.) of energy used.

Captures the effect of the policy on relocations of emissions and production
processes to other geographies or actors not covered by the carbon price.

Captures the effect of the policy on research and development (R&D),
demonstration of or investments into new (green) technologies or processes.
Articles in this category could study efforts or outcomes of innovation pro-
cesses.

Captures the effect of the policy on the behaviour, stocks and capacities
of firms or the economy as a whole (which are not captured by any other
category). Articles in this category may study firm behaviour, supply of
good and services, use of technologies, capacity of energy installations, etc.

Captures the effect of the policy on prices (e.g. energy prices). All assess-
ments of price developments should be captured here, except for develop-
ments in the carbon (allowance) price. (Changes in firm value are also not
captured here, but in the category ’Competitiveness’.)

Captures the effect of the policy on the behaviour of individuals (house-
holds, consumers, etc.). This does not include the behaviour of firms or
governmental actors.

Captures the effect of the policy on the competitiveness of firms or entire
economies. On firm level this includes output and productivity measures as
well as financial indicators, such as profits, costs, access to capital, financial
performance etc. On the level of economies this includes output (GDP),
productivity etc.

Captures all effects of the policy on (un-)employment, wages etc.

Captures the effect of the policy on the distribution of income as well as
other social outcomes such as access and affordability of goods, poverty,
well-being, or conflict. This category captures all dimensions of social
outcomes or fairness concerns with respect to individuals (not firms).

Captures whether the policy efficiently delivers its aims, including evalua-
tions of the market efficiency or market imperfections of the carbon market.

Captures evaluations of the implementation process and the related feasi-
bility of the policy. This particularly includes evaluations of carbon price
developments, carbon price expectations, compliance, distribution of al-
lowances, use of off-sets, banking of allowances, administration of the pol-
icy as well as political economy considerations. (While these are, strictly
speaking, not outcomes of the policy, they are of high relevance for the
evaluation of the policy.)

Captures the perception of the general public or specific groups towards
the policy.

Captures the effect of the policy on environmental or health outcomes
other than the reduction in greenhouse gas emissions. For environmental
outcomes, this includes, e.g., effects on air or water quality, biodiversity,
soil conservation, wildlife habitat, etc. For health outcomes, this includes
effects on physical and mental health — including e.g. on fertility, (child)
mortality, prevalence/incidence of diseases, etc. (The impact on socio-
economic dimensions related to health, e.g. access to healthcare, should
only be captured under “Distributional effects & fairness”.)

Captures any other policy outcome that cannot be allocated to any of the
above categories.

Table 2.1: Typology of policy outcomes: The table provides definitions of the policy outcome
categories, used in the classification of policy evaluations. The typology results from a synthesis of
available outcome typologies [9, 138, 140, 150-153].
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quasi-experimental designs are applied. For review articles that could potentially
provide a systematic review we read the full-text of the article and look for a clear
description of a search strategy and synthesis method to determine whether a sys-
tematic review was conducted. A second filter captures the emission sector the study
focusses on, if applicable. We use the sector definitions from IPCC working group
three [2] and distinguish between Energy, Industry, Transport, Buildings, AFOLU

(agriculture, forestry, and other land use), and International Aviation and Shipping.

The information on all mapping dimensions and filters is extracted from the titles
and abstracts of each relevant article. In line with the screening strategy, we first
coded the information jointly in teams of at least two coders, discussed and re-
solved discrepancies and arrived at a collective understanding of the definitions of
each dimension. After the first 1,712 documents were labelled, we reached a good
agreement between all coders and continued with single labelling. We assessed the
agreement for the single choice methods label using Cohen’s kappa (>0.85) and for
the multi-choice dimensions outcome, policy scheme, and sector we computed the

mean agreement relative to all labels assigned by at least one coder (>0.85).

2.2.4 Synthesis

We use the collected data to assess the state of the research on carbon pricing
policies. We assess the patterns of published studies for different policy schemes
and policy outcomes. We study these patterns with respect to the study methods
and the time of publication. We provide an overview of the identified literature as
an interactive online tool, allowing for an exploration of the data in more detail with

all the labelled dimensions and filters.

We study where gaps in the literature are, where clusters of primary evidence exists
and whether these are synthesised by systematic reviews. We compare the gaps
and clusters of evidence with features of the studied policies. In particular, we use
data provided by the World Bank [29] on the amount of GHG emissions covered
by each scheme, their respective carbon price level, the duration since the policy

was implemented as well as the design of the policy as a carbon tax or ETS to
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understand whether these factors are able to explain which policy schemes receive

higher or lower scientific attention.

2.2.5 Machine-learning classifier for automated updates

To avoid that the compiled map gets rapidly outdated by the exponential increase
in relevant literature published after this study was conducted, we evaluate the po-
tential of machine-learning to automate future updates of the map. As the manual
screening and coding of literature is a labour-intensive exercise, we test to what
extent and at which quality automated classifiers can be utilised to identify rele-
vant research in line with our inclusion criteria and to classify the studies’ analysed
policy scheme, outcome, research method, and sector. We evaluate the quality of
the automated classifiers for each sub-task based on the Fl-score, which captures
the harmonic mean of precision and recall. More details are included in a simu-
lation of this process below. The first step of the update pipeline would retrieve
the latest publications that match our search query from the three bibliometric
databases. These will then be filtered according to our inclusion criteria using a
machine-learning classifier. All included documents are enriched with labels for the

studies’ method, studied outcomes, sector, and policy scheme.

For the inclusion criteria we use transformer-based machine-learning classifiers trained
on our entire hand-labelled set of 10,115 documents. For the method, outcomes, and
sectors, we use similar multi-class or multi-label classifiers that are trained on our
labels of the 4,054 included documents. For some of these filters we found logis-
tic regression models to work best, on others transformer-based models work best.
Each classifier is 8-fold cross-validated to estimate the variance in performance and
potential biases. The large number of policy schemes, for some of which we only
have few labels, prevents machine-learning classifier to work accurately and reliably.
To this end, we found a dictionary approach to work best. We found that the policy
schemes can usually be identified based on mentions of their respective geographic
location and additional hand-crafted keywords in the text. For a slight simplification
of the task, we group the policy schemes in China, Mexico, Canada and the US on

the country level. The list of keywords is provided in the Appendix Table A.1.
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2.3 Results

2.3.1 A large and fast-growing evidence base on ex-post assess-

ments of carbon pricing schemes

Our evidence map reveals a large amount of ex-post assessments of carbon pricing
policies in the scientific literature. We identify 4,057 relevant studies for 62 of the
73 implemented carbon pricing policies. During the period of the IPCC’s sixth
assessment cycle (2014-2021) alone, more than 1,950 new ex-post carbon pricing
studies have been published. Only 134 of these are cited in the IPCC assessment

report.

The growth in the ex-post evidence on carbon pricing is exponential and even faster
than the average growth of the climate literature. Since 2005 average annual growth
of publications on carbon pricing was 17%, compared to the already large growth
rate of 15% per year for the climate literature as a whole. This is not surprising as
the ex-post literature on carbon pricing only started to take off during the second
half of the 2000s when carbon pricing schemes started to be adopted more widely
(see Figure 2.2). Growth since 2019 has been particularly fast, with an average
annual growth of 39%. In 2022 the research interest in the topic grew by more
than 75% compared to 2021. If this trend continues, it highlights the importance
of tracking this dynamic literature base to keep abreast with the evidence for IPCC
and other science assessments as well as evidence-based policy in general. More
importantly, a rapidly expanding evidence base further emphasises the need for

systematic assessments and syntheses of the evidence base.

Emission trading schemes (ETS) receive significantly larger research interest than
carbon taxes. About 78% of the ex-post carbon pricing assessments study an ETS
compared to only 5% focussing on carbon taxes. The remaining policy assessments
study multiple carbon pricing policies across countries without focussing on a specific
scheme (8%) or the policy cannot clearly be identified from the title and abstract
(8%). The higher attention for ETSs can be partially explained by the larger emis-

sion coverage of these policies. But we find 15 times as much literature on ETSs
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Figure 2.2: Ex-post carbon pricing policy evaluations by year of publication: The upper
panel shows the development of all ex-post carbon pricing assessments across time. The lower
panels depict the literature published by carbon pricing scheme and indicate relevant events for
the respective schemes. Carbon pricing schemes with less than 50 ex-post policy evaluations are
collected in the panel labelled “other”.
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than on carbon taxes, while their emission coverage is only three times as high as

for carbon taxes [149].

Research interest in ex-post assessments of carbon pricing schemes is highly focussed
on the three largest ETSs: the supra-national ETS in the European Union (EU
ETS), the national ETS in China, and the eight sub-national ETS pilot schemes in
China (see Figure 2.3). Together, they attract 65% of the total research activity
in this field, while the remaining 70 schemes are only covered by the remaining
35% of the literature. Most ex-post policy assessments are conducted for the EU
ETS (1,876), which was also the first ETS ever implemented. The ETS pilots in
eight Chinese provinces are usually studied collectively and account for 845 policy
assessments. Even though, the national ETS in China was only introduced in 2021 it
already accounts for the third largest amount of published policy assessments (100).
The EU ETS, Chinese national ETS, and the Chinese regional ETS pilots also
account for the largest shares of GHG emissions covered by carbon pricing schemes,
with 12%, 39%, and 7%, respectively. Also the ETSs in Korea, New Zealand, and
the special case of Australia, where an ETS was implemented and revoked only
2 years later, receive substantial scientific attention, with more than 50 ex-post
policy assessments each. From the 36 implemented carbon taxes, the ones in British

Columbia (49) and Sweden (37), receive the highest scientific attention.

A large number of carbon pricing schemes have been rather neglected in the scientific
literature. For 33 carbon pricing schemes, we find less than five ex-post policy eval-
uations, of which eleven are not covered by a single study — frequently referred to
as an absolute evidence gap [86]. Even five studies on a given carbon pricing scheme
can hardly be expected to answer all policy relevant research questions on the in-
tended and unintended policy outcomes, process evaluations and equity concerns,
not even considering that rigorous and nuanced policy learning usually requires the
application of multiple study designs. Figure 2.4 shows no clear pattern, which
schemes receive very low scientific attention. While the majority of the neglected
schemes was introduced less than five years ago, the list also includes the carbon
taxes in Poland, Slovenia, Estonia and Latvia, which have been implemented be-

tween 1990 and 2004. The understudied policies also include carbon pricing schemes
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grey have a carbon pricing policy implemented, but no ex-post policy evaluation was identified.
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cannot explain that some carbon pricing schemes receive little or no scientific attention. We use
data on carbon prices and implementation dates by the World Bank [29]

with considerable carbon prices (in 2023), like the carbon taxes in Uruguay (US$

156), Liechtenstein (US$ 131), and Netherlands (US$ 56).

2.3.2 Shared attention to policy outcomes and implementation is-

sues

In order to understand the available evidence base, it is critical not only to know
which carbon pricing schemes have been studied, but also what aspects of these
policies. Almost half of the available ex-post studies analyse the institutional re-
quirements of the policy, i.e. the design, implementation and functioning of the
policy in its institutional context. The large research interest likely results from the
novelty of cap-and-trade schemes, where the policy experience beyond carbon emis-
sion trading schemes is rather scarce. The research in this area includes assessments
of the allocation of allowances, use of off-sets, participation in the secondary market,
trading volumes, formation of carbon prices, and other market features of ETSs. In
addition, about 1.4% of the policy assessments study the perception of the society

towards carbon pricing.
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The other half of the literature is made of policy outcome evaluations. Policy out-
comes describing the transformative potential of the policy receive the highest re-
search interest (19%), followed by economic (14%) and environmental (13%) out-
comes (see Figure 2.5). Significantly less published research focusses on the distribu-

tional effects (1.1%) of the policy as well as on co-benefits and negative side-effects

(0.7%).

Studies on the transformative potential assess how firms and individuals react to the
carbon pricing policy. This research has focused on how firms adopt lower carbon
technologies and practices (firm behaviour and economic structure, 7.7%), invest in
innovations (5.3%), or adapt their prices for carbon intensive goods (1.4%). Fewer

studies (0.5%) investigate changes in household behaviours.

Environmental benefits and economic costs receive an about equal scientific atten-
tion. Reductions in greenhouse gas emissions or energy use are studied by 11% of
the ex-post policy evaluations and 1.6% assess to what extend emissions are relo-
cated to territories or firms not subject to the carbon pricing policy. Whether these
emissions reductions are achieved cost effectively is studied by 3.9% of the studies.
Significant evidence is available to answer the question whether the climate policy

has a positive or negative effect on firms (10%) and the labour market (0.5%).

A comprehensive assessment of complex climate policy questions requires the use of
a wide range of qualitative and quantitative research methods. In ex-post carbon
pricing assessments about 40% of the studies use statistical inference methods, of
which a quarter applies quasi-experimental methods such as difference-in-differences
or regression discontinuity designs. 3.8% conduct interviews or surveys and 3.3%
are reviews of the literature. The remaining 53% of the studies use qualitative or
descriptive research methods. While Figure 2.5 shows that for some policy outcomes
the evidence is dominated by quantitative research findings, the broad picture reveals
that policy questions on each of the outcome dimensions are answered by a mixture

of quantitative and qualitative policy evaluations.

The research methods used to study carbon pricing policies differ across schemes.
Among schemes, with more than 30 identified studies, both the Chinese national

ETS and the regional pilot schemes stand out, with respectively 51% and 68% of
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Figure 2.5: Number of ex-post policy evaluations by studied policy outcome: Each bar
depicts the number of policy evaluations identified for each policy outcome. Studies assessing more
than one policy outcome are weighted by the number of policy outcomes assessed. The bars are
ordered and coloured reflecting the IPCC typology for evaluation criteria. Studies using quantitative
research methods (quasi-experiments or statistical inference) are presented by the crosshatched
areas.

studies using statistical inference methods. For the Korean ETS the number of
studies using statistical inference are close to the average of 40%. For all other
carbon pricing schemes the share of statistical assessments account for less than
40% of all ex-post evidence. For cases, such as the ETSs in Australia and California
this goes as low as 8 and 9%, respectively. The Chinese regional ETS pilots do not
only stand out for providing the largest share of quantitative assessments, they also

provide 302 quasi-experimental studies, while for all other schemes combined only

96 quasi-experimental studies are conducted.

While 3.3% of all studies are reviews of the literature (n=134), we identify only a
single systematic review of ex-post evidence on carbon pricing policies. It synthesises
the evidence on financial risks in the markets for carbon allowances of ETSs [154].
The low number of systematic reviews indicates a large evidence synthesis gap on

carbon pricing policies.

2.3.3 Critical evidence and evidence synthesis gaps in carbon pric-

ing research

Figure 2.6 provides an overview of the evidence on carbon pricing, i.e. how many

ex-post assessments are available for individual carbon pricing schemes and which
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outcomes are studied more or less frequently. First to note is the very uneven
distribution of carbon pricing studies both across schemes and outcomes (see sections
2.3.1 and 2.3.2 above). Studies cluster across both dimensions pointing towards
inefficiencies in the evidence ecosystem and potential wasteful research practices,

where many scholars tend to study similar subjects whilst leaving many evidence

gaps.

There are many mature areas of primary ex-post evaluations of carbon pricing
schemes featured by dozens or even hundreds of studies of a single outcome by
a single carbon pricing scheme. Because our mapping exercise also highlights the
gulping absence of rigorous evidence syntheses on carbon pricing with only one sys-
tematic review, these mature areas of research mark evidence synthesis gaps, where
the wealth of primary research on carbon pricing has not been rigorously synthe-
sised for evidence-based decision-making. Systematic reviews would particularly
be needed to assess the available carbon pricing evidence on environmental effec-
tiveness, innovation and investment, competitiveness, impacts on prices of goods
and services, or firm behaviour. Syntheses of the vast amount of evidence on the
implementation process could provide robust answers to policymakers on some fun-
damental questions arising in designing an effective and equitable carbon pricing
scheme. Comprehensive efforts to summarise this heterogeneous body of qualitative
and quantitative evidence would require using the whole portfolio of evidence syn-
thesis methods [27] — even though most qualitative and mixed evidence synthesis

methods have been hardly applied at all by the climate policy evaluation community.

But there are also significant and pressing primary research gaps, calling for in-
tensified research efforts in specific research areas. As a considerable number of
carbon pricing schemes have not or only barely been evaluated, there are outcome
dimensions that have been neglected — even for some of the more well researched car-
bon pricing schemes. Many basic research questions remain unanswered and mark
absolute evidence gaps: How effective is the Argentinian carbon tax in reducing
emissions? What impact did the carbon taxes in British Columbia, Denmark, Fin-
land, or Japan have on investments and innovation? Or how did the taxes in Sweden

or Norway influence the prices of energy and other goods? Looking at Figure 2.6
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highlights that the absence of ex-post evaluation evidence is not an exception, but
instead is rather common. Too little attention has in particular been given to ques-
tions on the distributional implications of carbon prices and potential co-benefits
for human health or the environment. Across countries and carbon pricing schemes
these are only studied by a very few empirical assessments, leaving policymakers

without sufficient evidence on these socially important aspects of the policy.

2.4 Towards a living evidence base

Publicly available evidence and gap maps are critical to stay abreast with the avail-
able evidence in particular fields of research. They can help governments, NGOs,
research funders, and researchers to easily identify relevant evidence, or gaps in
evidence and evidence synthesis. This is useful across a variety of tasks including

priority setting, horizon scanning or the generation of rigorous, synthetic evidence.

Traditionally, evidence and gap maps are snapshots in time and quickly outdated.
For example, 15% of all studies in this evidence map on ex-post assessments of
carbon pricing were published within the last year of the analysis (2022). We expect
the available evidence to double in size in five years or less. This leads to the
problem that the most recent evidence is not available when it is actually needed.
The evidence synthesis community has reacted to this problem with the idea of

“living evidence” [94, 96, 99, 155, 156].

Living evidence tackles the constant growth in published research by frequently
updating evidence syntheses. Each round of updates searches for newly published
literature and integrates it into the synthesis. This allows to keep up with new
developments in the field instead of capturing the state of research at a single point

in time [99].

To provide a data source for IPCC and other science assessments, as well as for
evidence-based policy researchers, we aim to regularly update our database of carbon
pricing evaluations. Given the size and growth of the literature, future updates by
hand would require substantial human resources. In fact, during the COVID-19

pandemic — the mainstreaming of living evidence in health — this was achieved in a
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Figure 2.6: Evidence and gap map: Each cell presents how many ex-post policy assessments
study the outcome dimension depicted by the column for the carbon pricing scheme depicted by
the row. The large number of empty cells reveals many absolute evidence gaps. The eleven carbon
pricing schemes without a single policy evaluation (Baja California carbon tax, Estonia carbon
tax, Iceland carbon tax, Latvia carbon tax, Liechtenstein carbon tax, Luxembourg carbon tax,
Massachusetts ETS, Oregon ETS, Poland carbon tax, Tamaulipas carbon tax, Zacatecas carbon
tax) are not depicted.
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Chapter 2. Evidence and gap map

2.4. Towards a living evidence base

Filter Precision Recall F1

Inclusion (yes/no) 0.76 (£ 0.01) 0.76 (£ 0.01) 0.76 (£ 0.01)
Methods (6 classes, single choice) 0.76 (£ 0.02) 0.68 (£ 0.03) 0.69 (£ 0.02)
Outcomes (15 classes, multiple-choice) ~ 0.58 (£ 0.01) 0.77 (£ 0.01) 0.64 (£ 0.01)
Sector (6 classes, multiple-choice) 0.83 (£ 0.03) 0.79 (£ 0.04) 0.80 (& 0.03)
Policy region (40 classes, 0.70 (£ 0.35) 0.74 (£ 0.39) 0.71 (£ 0.36)

multiple-choice)

Table 2.2: Performance of machine-learning classifiers: The performance of the classifiers for
Inclusion, Outcomes, and Sector are measured as the average across an 8-fold cross-validation. The
performance of the classifier for Policy region is a weighted mean across the 40 classes. Standard
deviations are reported in parentheses.

huge, collective community effort. In the meantime, a growing discourse has emerged
on how such periodic updates can be facilitated by utilising machine-learning. In the

following, we demonstrate how well machine-learning classifiers could automatically

update this evidence map.

To ensure the usefulness of our database, the automation must be rigorously val-
idated and closely monitored to maintain a high level of quality. To do so we
cross-validate the performance of machine-learning classifiers on our hand-coded
data. Our experiments show satisfactory performance in selecting relevant studies
based on our inclusion criteria with an F1 score of 0.76. We can correctly predict
the relevance of a given study for our evidence and gap map in most of the cases.
We list scores for all metrics and filters aggregated across results from our 8-fold
cross-validation and respective classes in Table 2.2. Experiments with more com-
plex transformer-based models suggest, that these can result in slight improvements
(one to four percentage points F1) but require further investigation to ensure opti-
mal performance for their application in an automated living evidence and gap map
update. We provide reflections on what these performance metrics might mean for

real-world applications in the discussion below.

We also simulate how classifiers would hold up over time without additional hand-
labelling of incoming data. To do so, we assume this study would have been con-
ducted in 2019 and only train the models on articles published up to this point.
Since we have complete hand-labelled data for the following years, we can simulate
automatic updates and measure the performance, respectively. In this scenario, the
quality of the inclusion criteria remains stable throughout 2020 (F1=0.72), 2021

(F1=0.64), and 2022 (F1=0.71). The generally slightly lower performance in this
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simulation can be explained by smaller sample of studies the machine-learning is
trained on. For the actual living map, we would still need to hand-label a sample of

documents in regular intervals to maintain the reliability of our predictions.

2.5 Discussion

In this first systematic assessment of ex-post policy evaluations on implemented
carbon pricing policies, we screen an extensive amount of scientific studies assessing
the various policy outcomes of carbon pricing. More than 4,000 research articles
have been published across the last three decades, evaluating the policy experience
gathered for one of the most prominent climate mitigation policies that governs
more than 20% of today’s greenhouse gas emissions [149]. This evidence base is a
valuable source to learn from past experiences for the choice and design of climate

policy pathways leading into a carbon neutral future [5, 157].

We find a large and fast growing evidence base scattered across different research
communities. In fact, literature growth is even faster than for the climate change
literature as a whole and is seen to accelerate in more recent years. The scale and
rapid expansion of the available literature has important implications: First, it is
increasingly impossible for individuals and even groups of scholars to track this
expanding evidence base. Second, we can learn from the existing ex-post evalua-
tion evidence on what climate policies work, under what conditions, and why, by

rigorously synthesising this evidence.

Our study reveals a huge evidence synthesis gap. The 4,000 primary studies are in
strong contrast to only a single systematic review we identified via a comprehen-
sive search and screening of the literature. Research on climate policies is almost
exclusively summarised in traditional literature reviews, which do not apply method-
ological rigour as commonly done in primary policy evaluation research. There is
a large literature across different scientific fields that show the different biases tra-
ditional literature reviews are prone to [19, 41, 158, 159]. Accelerated learning in
science and policy on what climate solutions work will depend on the application
of rigorous scientific methods that avoid misleading conclusions by systematically

minimising bias.
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Similarly, the prospects for enhancing policy evaluation in future IPCC assessments
directly depend on efforts within the research community to rigorously synthesise
this evidence base. For example, during the last assessment cycle (2014-2021) almost
2,000 relevant ex-post carbon pricing assessments have been published. This vast
amount of research cannot be assessed by IPCC authors — let alone in a volunteer
process — unless it is synthesised by the research community. We argue that building
a rigorous evidence bank is critical for evidence-based climate policy [108] and it is a
good moment in time to start synthesising key lines of evidence for the commencing

seventh assessment cycle of the IPCC.

Our evidence and gap map identifies policy-outcome combinations in the field of
carbon pricing with a rich underlying evidence base. These could be a starting point
for a dedicated community effort to synthesise the evidence on implemented carbon
pricing policies. In Chapters 3 and 4, I start filling some of the evidence synthesis
gaps, conducting two systematic reviews on the environmental effectiveness of the
policy. As outlined in section 1.2.3, the number of systematic reviews is slowly
increasing, with a few reviews published since the cut-off date for this map. These
efforts need to be significantly increased, considering the large amount of available

evidence identified here.

But we also still find many gaps in the primary evidence. In fact, the evidence base
is very clustered. Topics that are generally not well covered are the social outcomes
of carbon pricing policies, including distributional and labour market effects, as well
as potential co-benefits for human health or the environment aside from greenhouse
gas emissions. This underscores the findings by Ohlendorf et al. [117] and Cuevas et
al. [121], who identified substantial biases towards ex-ante studies for these research
areas. The research also focuses largely on a few well studied carbon pricing schemes,
while leaving many knowledge gaps for a large number of understudied schemes.
This transparent overview of the available evidence should inform future research
priorities. Filling one of the absolute evidence gaps might bring more novel insights
than yet another study on the EU ETS or the ETS pilots in China. This does not
mean that these policies are exhaustively studied, but points towards research topics

that have yet received too little attention. Our map allows researchers and research
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funders to evaluate what evidence is already available to avoid wasting resources for

an already answered research question [160].

There are many thousands of ex-post evaluations on other climate policy instru-
ments. Our focus here is on the ex-post evaluation literature on carbon pricing
policies. Callaghan et al. [15] suggest that there are overall more than 80,000 cli-
mate policy assessments (>40,000 of which are ex-post assessments), highlighting
the need for similar efforts to map out and synthesise the evidence across policy in-
struments. In this study we adapted the method of evidence and gap mapping [26,
86, 130] to the field of climate policy evaluations. It proves to be a suitable tool to
organise the empirical literature and allows to uncover previously unknown evidence
gaps. The methodology can be applied to map the research on other climate policies.
The typologies developed here can be used for the mapping of literatures on other
policy instruments and the large number of hand-screened documents can serve as
a pre-training dataset to better identify ex-post evaluation studies and reduce the

required screening efforts.

The evidence and gap map compiled for this study is comprehensive, but it is still not
complete. Some of the gaps may partially be explained by the focus of our study on
research articles with an abstract published in English language. Integrating Spanish
language literature, for instance, could potentially fill some gaps with respect to
carbon pricing schemes in Central and South America. Literature maps commonly
focus on a single language, but the extension to multiple languages could bring
further benefits for comprehensive climate policy assessments. Our map also largely
focuses on peer-reviewed scientific studies by searching bibliographic databases with
limited coverage of grey literature sources. Policy evaluations by government bodies
and international organisations are not exhaustively covered by our evidence map.
These are mostly not readily accessible right now. It is a critical future task to start
compiling such evaluations centrally. These tasks of further broadening the evidence
map will be critical to better understand potential biases in the evidence base and
to move towards a more integrated discourse on what climate solutions work, under

what conditions and why across science and policy communities.
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Our study highlights the potential of machine-learning towards living evidence maps.
The rapid growth in climate policy assessments challenges the usefulness of any one-
off evidence synthesis. We tested to what extent machine-learning applications can
assist or replace human screening and labelling of the literature. When balancing
between precision and recall, our algorithm is able to identify 76% of all relevant
studies and every fourth included study will be a false positive, highlighting that
artificial intelligence is not yet able to fully compete with human coders. Com-
pared to the status quo, where it is practically impossible to keep up with the large
amounts of relevant literature published every year, this still marks a step-change.
With minimal human inputs, our evidence and gap map can be regularly updated,
integrating the large majority of newly published carbon pricing assessments. De-
pending on the use of the data, the balance between precision and recall can also
be adjusted. Researchers starting a systematic review may be more interested to
retrieve all relevant documents and care less about falsely included studies that they
can manually exclude. If one, for instance, wants to achieve a recall of 90%, the
precision would go down to 71%. We contain classification scores in our automat-
ically updated database, so that users can set a threshold that is appropriate for

their use-case.

The quality of the automated identification of research articles can further increase
with time. Users of this shared resource, may report any inconsistencies which
will help to refine the original data-source and grow the number of high-quality
hand-labelled data. The growing attention to large-language-models has also lead
to experiments using prompts for screening and coding abstracts of research articles,
however they have so far not reached the same performance as conventional machine-
learning classifiers [161, 162]. More state-of-the-art transformer-based models have
also shown slight quality improvements. However, we have not yet cross-validated
all results across the vast number of general and domain-specific pre-trained trans-
formers (e.g. SciBERT [163], ClimateBERT [145], SPECTER [146]). Over time,
classifiers will need to be re-evaluated using hand-labelled data on the latest research
in regular intervals to ensure that the automation still operates at the expected qual-

ity. Shifts in the language as research fields evolve may degrade the performance of
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trained classifiers. Furthermore, domain experts should review the search query to

ensure that it still covers all relevant keywords.

We provide the (living) evidence and gap map as a publicly available, interactive
database, listing all relevant research classified by the studied policy scheme, out-
come, research method, and sector for an transdisciplinary audience. Evidence map-
ping is a valuable first step to foster evidence syntheses across climate policy instru-
ments and outcomes. It can lead the way for the IPCC’s seventh assessment cycle
to build on the thousands of relevant studies that provide a detailed understanding

of what climate policies work, under what conditions, and why.
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Chapter 3

Meta-analysis on the

effectiveness of carbon pricing

3.1 Introduction

Despite the experience from more than 70 implementations of carbon pricing schemes
around the world [29] and the large amounts of ex-post policy evaluations discovered
in Chapter 2, there remains no consensus in science nor policy as to how effective
such policies are in reducing greenhouse gas emissions. Proponents have suggested
carbon pricing as a key instrument to incentivise greenhouse gas emissions reductions
on the basis that it would avoid the need for detailed regulatory decisions targeted
at specific emission sources [164-168]. However, the effectiveness of carbon pricing
is highly dependent on the context and the effect could be higher or lower based on
the institutions and infrastructures [169, 170]. Critics doubt the ability of carbon
pricing to unlock the investments required for the development and application of low
carbon technologies [171]. There are also concerns about whether policymakers can
overcome political barriers and raise carbon prices high enough to deliver emission

reductions at the scale and pace required [171-173].

We aim to systematically review the empirical literature on the effectiveness of car-
bon pricing policies in reducing greenhouse gas emissions. While there are other
market based policy instruments, such as fuel taxes, import taxes or value added

taxes, we focus here on policies which impose a carbon price across fuels based on
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their carbon contents. One way to assess the effects of carbon pricing is to evaluate
experiences in the real world. A growing scientific literature has provided quantita-
tive evaluations of the effects of different carbon pricing schemes on emissions [18,
174, 175]. This evidence is usually provided in the form of quasi-experimental stud-
ies which assess the effect of the introduction of the policy (treatment effect). Based
on this evidence, our meta-analysis addresses the question: What was the emission
reduction effect of the introduction of a carbon price during the early years of its
application? This is different from the question, how emissions respond to gradual
changes in existing carbon prices. There exist only very few studies estimating this
relationship between the carbon price level and emissions [176-178]. The compre-
hensive literature on the elasticity of fuel use in response to fuel price changes has

been reviewed before in a number of meta-analyses [179-183].

We focus on the growing evidence base on the effectiveness of introducing a carbon
price. Previous reviews of this literature have tended not to employ rigorous sys-
tematic review methods such as meta-analysis. A number of reviews describe the
literature and summarise the findings of the primary studies but do not attempt
a quantitative synthesis of the findings [18, 138, 139, 184]. Green [137] provides a
range of effect sizes reported in the reviewed literature without any formal methodol-
ogy for their harmonisation and analysis, concluding that the policy has no or only
a very small effect on emission reductions (0-2%). None of the available reviews
provide a critical appraisal of the quality of the primary studies considered. Biases
of such traditional literature reviews have been widely documented in the literature
[19, 185]. The lack of comprehensive systematic review evidence on a multitude
of policy questions hampers IPCC assessments to learn from implemented climate

policies [4, 5, 186].

We fill this gap by conducting a systematic review and meta-analysis of the em-
pirical ex-post literature on the effectiveness of carbon pricing, covering 21 enacted
carbon tax and cap-and-trade policies around the globe following the guidelines by
the Collaboration for Environmental Evidence [187]. We use a machine-learning
enhanced approach to screen 16,748 studies from five different literature databases,

identifying 80 relevant ex-post policy assessments. We extract and harmonise esti-
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mates of average emissions reductions from the introduction of a carbon price. We
conduct a meta-analysis on 483 effect sizes on 21 different carbon pricing schemes
and estimate emission reduction effects. We study the heterogeneity in the re-
ported findings and conduct a critical appraisal as well as a publication bias as-
sessment to analyse the impact of different study design choices on the results.
Our methodology is transparent and reproducible, ensuring that our analysis is
updatable in the future as new information and experiences with carbon pricing
policies are gained around the world [99]. The data and code is publicly available:

https://github.com/doebbeling/carbon_pricing_effectiveness.git.

We find consistent evidence that carbon pricing policies have caused emissions reduc-
tions. Statistically significant emissions reductions are found for 17 of the reviewed
carbon pricing policies, with immediate and sustained reductions of between -5% to
-21% (-4% to -15% when correcting for publication bias). Our heterogeneity analysis
suggests that differences in estimates from the studies are driven by the policy design
and context in which carbon pricing is implemented, while often discussed factors
like cross-country differences in carbon prices, sectoral coverage, and the design of
the policy as a tax or trading scheme do not capture the identified heterogeneity in

effect sizes.

3.2 Methods

In this study, we conduct a systematic review and meta-analysis to synthesise the
evidence on the effectiveness of carbon pricing policies in reducing emissions. We
broadly follow the guidance for systematic reviews by the Collaboration for Envi-
ronmental Evidence [187], extended by a machine learning-assisted identification of
relevant studies [91, 143]. We comprehensively search for relevant studies, screen
for eligibility, extract information on estimated effect sizes, appraise and synthesise
the data. A description of our methods has been published as a review protocol on

OSF Registries in advance [188].
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3.2.1 Literature search

The literature search closely resembles the search conducted in Chapter 2. If the
evidence and gap mapping, conducted above, would have been completed at the
time when we started this systematic review, the search strategy could have been
guided by the evidence identified in the map for the environmental effectiveness
category. Because of the chronological sequence of the two projects, the search for

this systematic review was conducted independently of the evidence and gap map.

We search the bibliographic databases Web of Science, Scopus, JSTOR, RePEc and
the web-based academic search engine Google Scholar using a broad search string
which comprises a large set of carbon pricing synonyms and indicator words for
quantitative ex-post study designs. The full query can be found in the protocol
[188]. After the removal of duplicates the search, conducted in the second week of

March 2022, returned a set of 16,748 articles (see Figure 3.1).

We screened these articles for their eligibility in two stages. First, we screened them
at the title and abstract level using the NACSOS software [141, 189] followed by a
screening at full text level. Studies are included if they infer a causal relationship
between carbon pricing and the emissions development. Eligible studies analyse
effects on emissions levels or emissions levels per capita. Studies were excluded if
they assess the effect on emissions intensity or emissions productivity, i.e. the effect
on emissions relative to output. The included policy measures are restricted to
explicit carbon taxes and cap-and-trade schemes. Studies on implicit carbon taxes
and carbon offsetting mechanisms are excluded. We only include studies published

in English language.

The screening at the title and abstract level was simplified by an active learning
algorithm, using support vector machines to rank the studies in the order of rele-
vance. We stopped screening when we were 90% confident that we had identified at
least 90% of the articles relevant to our systematic review, based on the conservative
stopping criterion provided by Callaghan and Miiller-Hansen [144]. This reduced the
amount of manually screened documents by 77%. All articles included after the title

and abstract screening were screened at full text, without any further application of
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Figure 3.1: Flow diagram of the literature search and screening process: Adapted from
the ROSES flow diagram for systematic reviews [190].
machine learning algorithms. Figure 3.1 depicts the articles included and excluded

at each screening stage.

3.2.2 Data extraction and critical appraisal

From the included studies we extract the effect size information, including the es-
timated effect size and direction of the effect, the uncertainty measure, provided
as standard error, t statistic, confidence interval, p-value, or the indicated signifi-
cance level, as well as the provided mean emissions and, for price elasticity studies,
the mean carbon price. We also capture information on the studied carbon pricing
scheme, time of the intervention, study period, emission coverage (sectors, fuels,

gases), study design, and estimation method.

We developed criteria for a critical appraisal, by adapting the ROBINS-I assessment
criteria [132] to the specific nature of the research studies at hand. First, while

the treatment (i.e. the policy application) in the reviewed studies is independent of
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the conducted research, the study design should cover a representative sample and
suitable data. The control group needs to have high similarity with the treatment
group, based on demographic, economic, and institutional proximity and similar-
ity in pre-treatment emissions pathways. Statistical methods such as matching or
synthetic control methods can increase the comparability of the control group with
the treatment group. Second, the study design must control for confounding factors
that are expected to influence the emissions of the study objects. For some studies
we identify further risks of bias in the set-up of the statistical methods, which are

also recorded.

All extracted data and the codebook used for the data collection are publicly avail-
able and can be accessed via: https://github.com/doebbeling/carbon_pricing_

effectiveness.git.

3.2.3 Standardising effect sizes

We standardise the extracted effect sizes, based on the heterogeneous study de-
signs and estimation methods, into a common metric. The largest part of the pri-
mary literature estimates treatment effects using quasi-experimental study designs
(difference-in-differences or regression discontinuity in time). A few studies esti-
mate the treatment effect by comparing the emission levels between countries with
and without carbon pricing without any quasi-experimental design (termed cross-
country studies in this review). Some studies estimate a carbon price elasticity, i.e.
the effect of a marginal change in the carbon price on emissions. All effect sizes
are transformed to treatment effects measured as a percentage difference between
the counterfactual emissions without the policy and the observed emissions with the
policy in place. Effect sizes expressed in tons of COs are standardised using the
mean emissions given in the study, while effect sizes from log-level regression speci-
fications are standardised using exponential transformation. Effect sizes from price
elasticity estimations are interpreted at the mean carbon price of the intervention

during the period studied by the primary study.

Standard errors are derived accordingly. If the statistical (in)significance of an esti-

mate at a specified significance level is the only uncertainty measure provided, this
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information is used to approximate the standard error. For the non-linear effect size
transformation of log-level regression coeflicients, we derive the standard error by
keeping the t statistic constant. For effect sizes from price elasticity estimations, we
interpret the standard errors at the mean price level, just as for the transformation

of the effect size itself.

3.2.4 Effect size averaging

We use a multilevel random effects model to estimate the average treatment effect.
The random effects model does not assume that all effect sizes converge to a common
effect size mean [41], which in our case accounts for the heterogeneity in the studied
countries and schemes. The common variance component is estimated using the
restricted maximum likelihood (REML) estimation [191, 192]. We apply a multilevel
estimation to account for the non-independence of effect sizes from the same study,
assuming a compound symmetric variance-covariance matrix [192]. A robustness

check using a fixed effects model specification is provided in the Appendix.

For the estimation of average treatment effects per carbon pricing scheme we extend
the random effects model to a mixed effects model, inserting dummy variables for
each scheme. Studies conducting a cross-sectional assessment of a set of carbon
pricing schemes in multiple countries, are collected with a separate dummy variable.
The eight Chinese pilot ETS schemes are collected in a single dummy variable, as
they are commonly assessed together as a single policy in the primary studies. For
many of the schemes only one to five studies are available, which does not allow
for appropriate clustering of the effect sizes [193, 194]. The multilevel estimation of
the model should still adequately capture the non-independence of effect sizes from
the same study. Clustering of standard errors would have a marginal impact on the
standard errors derived for the full sample averages (see Appendix Table B.2). The

models are estimated in R using the metafor package [192].

To check that no single study exerts undue influence on the average effect sizes
measured, we calculate Cook’s distance and DFBETAS. For three studies in the
sample the values of these metrics are distinctly different. All three studies assess

the effect of emissions from the burning of coal. As these effects likely result from
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fuel switching without capturing the overall emission effect, 13 effect sizes from five
studies with a focus on emissions from coal are excluded in the main assessment.

An effect size average including these studies is provided in Appendix Table B.2.

We test for the presence of publication bias using a precision effect test [195, 196]. To
correct for publication bias, we follow the guidance by [197] and [198] and estimate
the model for a reduced set of the adequately powered effect sizes. To assess the
power of each effect size we use the standard error of each effect and assume the
genuine effect to be the average treatment effect from our full set random effects
model. We follow common practise and assume studies with power of above 80%
to be adequately powered [199]. We estimate a multilevel random effects model, in
line with our main approach, instead of a fixed effects model proposed by [197] and

[198].

3.2.5 Heterogeneity assessment

There is considerable heterogeneity in the effect sizes (I?’=0.86 in the random effects
model). To capture the variation in the response to the policy, we code variables
for the carbon pricing schemes as well as information on the sector coverage of the
scheme (or the study, where the study focuses on a single sector), the mean carbon
price level during the assessment period, and a variable distinguishing carbon taxes
from cap-and-trade schemes. The information on sector coverage and the price level
was added from external sources [200, 201]. We furthermore code a set of variables
on the study design, estimation methods, and data used from the primary studies.

The moderator variables are described in Appendix Table B.4.

Given the large number of potential explanatory variables, we use the Bayesian
model averaging technique (BMA) [181, 202-204], employing a Markov chain Monte
Carlo (specifically, the Metropolis-Hastings algorithm of the bms package for R by
Zeugner and Feldkircher [205]) to walk through the most likely combinations of ex-
planatory variables. In the baseline specification we employ the unit information
prior which is recommended by Eicher et al. [206]. This agnostic prior reflects our
lack of knowledge regarding the probability of individual parameter values. To test

the robustness of our estimates we follow Havranek et al. [181, 204] and use the dilu-
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tion prior that adjusts model probabilities by multiplying them by the determinant
of the correlation matrix of the variables included in the model. Furthermore, as an-
other robustness check, we follow Ley and Steel [207] and apply the beta-binomial
random model prior, which gives the same weight to each model size, as well as
Ferndndez et al. [208], who use the so-called BRIC g-prior. The BMA results using

alternative priors are provided in the Appendix.

3.3 Results

3.3.1 Evidence from 21 carbon pricing schemes around the globe

With the help of our machine-learning assisted approach, we identify 80 quantitative
ex-post evaluations across 21 carbon pricing schemes around the globe. Previous
reviews covered a maximum of 35 research articles on the emissions reduction effect
of carbon pricing policies [18, 137-139]. The systematic search conducted here proves
to identify more than twice as many studies compared to any previous review. The

full list of included studies can be found in Appendix Table B.1.

As shown in Table 3.1, the carbon pricing schemes covered here are very diverse
and differ in terms of their specific policy design, scope, and policy context. For
example, some of the schemes are targeted at large scale emitters in the industry
and energy sectors, while others focus on households via home energy use and the
transport sector. In the European Union, some sectors are regulated with a carbon
tax while others are covered by the European wide emission trading scheme. We
also observe substantial differences in carbon price levels of the covered schemes. All
of these differences may give rise to considerable variations in emissions reductions

achieved.

Beyond these differences in policy design, carbon price levels, and regional contexts,
all considered policy experiences speak to the question whether carbon pricing is or
is not effective in reducing greenhouse gas emissions. A systematic assessment and
comparison of the outcomes of these policies can inform policymakers and future

research by synthesising the available evidence.
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The number of available ex-post evaluations on the effectiveness of carbon pricing
differs substantially across schemes. Prior reviews suggested a bias towards evalu-
ating schemes in Europe and North America [18, 137, 138]. However, here we find
that the vast majority of the available ex-post evidence on the effectiveness of carbon
pricing assess the pilot emission trading schemes in China — 35 of the 80 articles.
There are 13 studies on the European emissions trading scheme (EU ETS), seven
on the carbon tax in British Columbia and five on the Regional Greenhouse Gas
Initiative (RGGI) in the United States. The remaining schemes are evaluated by a

single or very few studies.

Our systematic review also reveals some fundamental evidence gaps in the literature.
Despite the broad set of bibliographic databases searched, we found evidence only
for 20 out of 73 carbon pricing policies in place in 2023 [29] and for the Australian
carbon tax, which was repealed two years after its implementation. For some, more
recently implemented, policies this may be explained by the time needed for sufficient
data to become available, be assessed, and the results published. But even of the 38
carbon pricing schemes already implemented by 2015, for 18 of these we could not
find a single study on effectiveness, despite the broad set of bibliographic databases
searched. This confirms the evidence gaps identified in Chapter 2 for many of the
implemented schemes. There is also little evidence on the effectiveness of carbon
pricing relative to the level of the carbon price (carbon price elasticity). We identify
only nine price elasticity studies, providing too few effect sizes for meta-analysing

these separately.

50



19

Policy Jurisdiction Introduction Sector coverage Emission Mean Studies  Effect
coverage price sizes
Chinese pilot ETS 46 179
o/w Hubei pilot ETS Hubei, China 2014 industry 27% $3 4 13
o/w Beijing pilot ET'S Beijing, China 2013 industry, power, transport and buildings 24% $8 2 3
o/w Shanghai pilot ETS Shanghai, China 2013 industry, buildings, transport 36% 34 2 3
o/w Guangdong pilot ETS  Guangdong, China 2013 industry, aviation 40% 35 2 2
o/w Shenzhen pilot ETS Shenzhen, China 2013 industry, power, buildings, transport 30% $7 1 2
o/w Tianjin pilot ETS Tianjin, China 2013 industry, buildings 35% 34 2 2
EU ETS 30 European countries 2005 power, manufacturing industry, aviation 38% $20 13 7
Swedish carbon tax Sweden 1991 transport, buildings 40% $103 2 7
BC carbon tax British Columbia, Canada 2008 industry, power, transport and buildings 70% $18 7 39
Saitama ETS Saitama, Japan 2011 industry, power, buildings 17% $108 3 20
Tokyo ETS Tokyo, Japan 2010 industry, power, buildings 20% $106 4 14
Quebec ETS Quebec, Canada 2013 industry, power, transport and buildings 7% $9 2 10
RGGI 11 northeastern US states 2009 power 14% $3 8 10
UK carbon price support  United Kingdom 2013 power 24% $22 4 10
Finnish carbon tax Finland 1990 industry, transport, buildings 36% $6 2 8
Swiss ETS Switzerland 2008 industry, power 11% $18 1 5
Australian carbon tax Australia 2012* industry, power 60% $24 1 2
California CaT California, USA 2012 industry, power, transport, buildings 74% $12 2 2
Korea ETS Korea 2015 industry, power, buildings, domestic avia- 74% $15 2 2
tion, public sector, waste sector
Cross-country 4 18
Total 101 483

Table 3.1: Carbon pricing schemes covered in the review: All information on the carbon pricing schemes was retrieved from the World Bank [29], except for the price
data for the EU ETS, which is retrieved from ICAP [201]. The information for the sector coverage was simplified. For more detailed information on the coverage, including
covered or exempted subsectors, the reader is referred to the World Bank data. Cross-country studies analyse countries with and without carbon pricing, not focusing on a
specific carbon pricing scheme. The effects of the eight Chinese pilot ETS schemes are often analysed collectively in a single study, while some studies focus on individual
schemes. We only list pilots that have been studied individually. The Australian carbon tax was revoked in 2014. Mean prices are unweighted average prices in constant 2010
USS$ during the period analysed by the studies in our sample. “Emission coverage” is the share of a jurisdictions emissions covered by the carbon price in 2022. The number

of studies exceeds the number of reviewed articles, as some articles include more than one relevant study using disparate datasets.
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3.3.2 Average emissions reductions across carbon pricing schemes

In order to provide a meaningful and transparent synthesis of the available quanti-
tative evidence, we harmonise the effect sizes extracted from the individual studies
to a common treatment effect, expressed as the percentage difference between the
counterfactual emissions without carbon pricing and observed emissions after the
introduction of a carbon price. It assumes emissions reductions to take place at
the time of the introduction of the policy and to persist throughout the observation
period as a constant difference to counterfactual emissions. Most of the reviewed
studies report the emissions reduction effect as a treatment effect. Effect sizes pro-
vided as price elasticity are transformed into the same metric. Overall, we harmonise
483 effect sizes from 80 reviewed articles, covering 21 carbon pricing schemes that

provide the starting point for our quantitative synthesis.

Our results show that carbon pricing effectively reduces greenhouse gas emissions.
We use multilevel random and mixed effects models to account for dependencies
among effect sizes in our sample and estimate the average treatment effects. The
mixed effects model includes dummy variables for each of the included carbon pricing
schemes to estimate the effectiveness for each of the schemes. As depicted in Panel
a of Figure 3.2, emissions reduction effects are observed consistently across schemes
with considerable variation in magnitude. For 17 of the carbon pricing schemes
we find statistically significant average reduction effects from the introduction of
a carbon price. The estimated reduction effects range from about -21% to about
-5%. Across carbon pricing schemes, we find that on average the policy has reduced
emissions by -10.4% [95% CI = (-11.9%, -8.9%)]. This effect is both substantial and

highly statistically significant.

The reviewed literature provides large differences in the amount and quality of evi-
dence for individual schemes. Focusing on those with the largest evidence base, we
find an average treatment effect for the eight Chinese ETS pilots of -13.1% [95% CI
= (-15.2%, -11.1%)], which is higher than the -10.4% average treatment effect across
the schemes. The EU ETS and the British Columbia carbon tax both have esti-
mated emission reduction effects below the overall average treatment effect. These

are estimated at -7.3% [95% CI = (-10.5%, -4.0%)] and -5.4% [95% CI = (-9.6%,
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-1.2%)]. Reduction effects smaller than -5% are only reported in three instances with
severe problems in study design exposing estimates to a high risk of bias (Korean

ETS, Australian carbon tax, Swiss ETS).

3.3.3 Critical appraisal and publication bias

The average treatment effects presented in the previous section were based on all re-
viewed studies. However, the quality of the primary studies is not uniform and some
are subject to biases in the study design. Additionally, the average treatment effect
might be subject to publication bias. Therefore we re-estimate the treatment effects
by adjusting for potential quality issues and publication bias, adopting transparent

and reproducible criteria.

We critically appraise each primary study, to identify potential biases in the study
design. These biases often arise from the unreasonable selection of a control group
used in a quasi-experimental design; from inadequately controlling for confounding
factors like the introduction of other relevant policies; or from statistical specifica-
tions that do not allow to single out the policy effect. 46% of the reviewed studies
are assessed to have a medium or high risk of bias. When we remove studies with
medium or high risk of bias from the sample, the average treatment effects for some
of the schemes are adjusted by up to 5 percentage points, while the estimation un-
certainty increases due to the reduction of considered primary estimates (see Figure
3.2, Panel d). The identified biases, however, do not systematically impact the es-
timated treatment effects in either direction. The average treatment effect across
policies is practically unchanged when removing studies with medium or high risk

of bias.

Secondly, we adjust the average treatment effect for the influence of publication
bias. Publication bias could arise from a tendency in the literature towards only
publishing statistically significant effects [198, 209-211]. A precision effect test [195,
196] confirms the presence of publication bias in the set of studies reviewed here (see
Appendix Table B.2). As suggested in the literature, we correct for publication bias
by estimating average effects for a subsample of effect sizes with adequate statistical

power [198], which applies to about 30% of the reviewed effect sizes. This subsample
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Figure 3.2: Average emission changes by scheme: The average effect sizes in panel a, d, and
g are depicted together with their 95% confidence intervals based on multilevel random and mixed
effects models and represent the effect of the policy observed in each period after its introduction in
comparison to the counterfactual emissions without the policy. The estimates are ordered according
to the number of studies they comprise (depicted on the left). The average treatment effect for
the Chinese ETS pilots comprises the effects of all eight regional pilot schemes. Cross-country
collects the evidence from studies assessing countries with and without carbon pricing, not focusing
on a specific carbon pricing scheme. Panels b, e, and h show the distribution of assigned risks of
bias. Panel ¢, f and i show the distribution of statistical power. Power above 80% is considered
adequate. For synthetic control designs no statistical power was derived, thus presented as “NA”.
All estimates are also provided in the Appendix Tables B.2 and B.3.

analysis adjusts most of the scheme-wise average treatment effects towards lower

estimated emissions reductions (see Figure 3.2, Panel g), ranging from -15% to -4%.

o4




Chapter 3. Meta-analysis 3.3. Results

Across the schemes, the average treatment effect is reduced to -6.8% [95% CI =
(-8.1%, -5.6%)]. Despite these adjustments, the publication bias corrected estimates
support the overall finding that carbon pricing policies cause significant reductions

in in greenhouse gas emissions.

Studies with a high risk of bias and low power are not uniformly distributed across
schemes. Some schemes are evaluated only by a few biased studies, resulting in very
high or low average treatment effects. For example, when considering all available
evidence, the carbon pricing schemes in South Korea, Switzerland, and Australia
are estimated to have the lowest negative or even positive average treatment effects.
These estimates are based entirely on studies with a high risk of bias and are no
longer considered when re-estimating the treatment effects based on low risk of bias
studies (see Figure 3.2, Panel d). The two carbon pricing policies from the United
States (California CaT, RGGI), which show the largest negative average treatment
effect when considering all available studies, show lower average treatment effects
after the adjustment for publication bias (see Figure 3.2, Panel g). For other schemes,
like the EU ETS and British Columbia’s carbon tax, there is no substantial change

in the average treatment effect when studies with high risk of bias are excluded.

3.3.4 Explaining heterogeneity in effect sizes

There is considerable variation in the effect sizes reported by primary studies in-
cluded in this review. This could arise from heterogeneity in the design of the
carbon pricing policies or from heterogeneity in the design of the primary studies.
The carbon pricing literature mainly discusses three policy design factors that could
potentially explain differences in the effectiveness of the policy. First, there are de-
bates whether carbon prices are better applied as carbon taxes or as emission trading
schemes [165, 212-216]. Secondly, it is argued that the policy causes different reduc-
tion rates in different sectors [217-219]. And thirdly, the level of the carbon price
can be expected to play a decisive role for the magnitude of the emission reductions
[165, 220, 221]. We assess whether, and to what extent, such factors are able to
explain differences in the treatment effects reported. We test which factors are most
relevant to explain the reported emissions reductions by using scheme and study

characteristics as explanatory variables in meta-regressions.
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As we are confronted with a large number of potentially relevant explanatory vari-
ables, we use Bayesian model averaging (BMA) to assess the heterogeneity in the
estimated effect sizes reported by the different studies. BMA is particularly suit-
able for meta-analysis as it allows for running a large number of meta-regressions
with different possible combinations of explanatory variables and does not require
selecting one individual specification. We include explanatory variables for the three
policy design factors provided above: price level, sector coverage, and a variable dif-
ferentiating between carbon taxes and cap-and-trade schemes. In addition we add
dummy variables for each of the carbon pricing schemes, capturing the remaining
policy design and contextual factors of each policy scheme. Additionally, we test
whether studies assessing longer periods after the policy implementation find higher
or lower treatment effects. To assess the impact of methodological choices made in
the studies, we study a set of variables including the type of study design, estimation

method, and data used in the primary studies.

The results from the BMA are provided in Table 3.2 and Figure 3.3. The posterior
inclusion probability (PIP) indicates the relevance of each variable. Commonly, vari-
ables with a PIP above 0.5 are interpreted to be relevant explanatory factors, while
variables with lower PIPs are unable to capture the observed heterogeneity. The ta-
ble furthermore provides the posterior mean and standard deviation of the estimated

effect averaged across all meta-regressions that include the respective variable.

Variation in carbon prices, the sectoral coverage of schemes, and choice of carbon tax
vs. cap-and-trade do not seem to be important variables in explaining the observed
heterogeneity in emissions reductions (PIP<0.5). Instead the dummy variables for
the place where the schemes are applied do a better job in explaining this hetero-
geneity than the variables that capture specific design characteristics. The variables
for the RGGI and the Chinese ETS pilots have a larger reduction effect on emis-
sions than the EU ETS, which is set as the reference category. The Swiss ETS is
estimated to have less of a reduction effect compared to the benchmark. Alternative
specifications of the BMA, provided in Appendix Table B.5, also estimate a larger

reduction effect for the Swedish carbon tax compared to the benchmark. The direc-
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tions of these coefficients are in line with the average treatment effects presented in

Figure 3.2, for the respective geographies.

If we remove the dummy variables for the schemes, the size of the carbon price
becomes an important variable in the BMA to explain the heterogeneity in emission
reductions with a PIP close to 1 (see Appendix Table B.6). However, in the absence
of the scheme dummies the effect of the price variable is likely to be confounded as
the scheme dummies account for any omitted context variable that does not vary
within a scheme. The high correlation of 0.96 between the scheme dummies and the
price variable indicates that the price variable captures the heterogeneity between
schemes. In fact, the price coefficient is estimated with a positive sign in the BMA
specification without the scheme dummies, implying that lower emission reductions
are achieved with higher carbon prices. The counterintuitive direction of the price
effect indicates a misspecification of the model when the scheme dummies are ex-
cluded. Below we discuss possible causes for this inverse relationship between the
price and the reduction effect in our data. The effect of carbon prices on emissions
reductions is better identified by adding scheme dummies to focus on the variation
of prices within each scheme. However, the largest share of the variation in our
carbon price variable comes from variation between the schemes (91%) and only 9%
from within scheme variation. This is not a limitation of our dataset. Indeed, car-
bon prices tend to vary strongly across countries based on the design and coverage
of scheme. But for individual schemes prices have historically been stagnant (EU
ETS till recently, RGGI, Chinese ETS pilots) or increases relatively modest (British
Columbia carbon tax) [201] and the effect size estimates evaluated here provide
limited time frequency. We suspect that due to this low variation, our sample has
insufficient power to identify carbon prices as a relevant factor in explaining emission

reductions.

Studies assessing the effectiveness of carbon pricing over longer time periods find
larger emission reductions. The coefficient for the variable duration has a PIP of 0.76
and is estimated with a negative sign for all regression specifications it is included in.
Testing for the spatial and temporal granularity of the data suggests that only the use

of city level data compared to the country level explains some of the heterogeneity
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in reported effect sizes. Methodological differences in the reviewed studies only have

a minor influence on effect sizes.

In line with the previous section, we also include the risk of bias variable and the
standard error, capturing the publication bias. They are both not detected to be

most relevant to explain the heterogeneity.

3.4 Discussion

In this first quantitative meta-analysis of carbon pricing evaluations, we find robust
evidence that existing carbon pricing schemes that have been evaluated to date
are effective in reducing greenhouse gas emissions. Our machine-learning enhanced
approach to study identification finds more than twice as many ex-post evaluations
than existing reviews [18, 137-139], studying the effectiveness of 21 carbon pricing
policies. Our meta-analysis finds that at least 17 of these policies have caused
significant emissions reductions ranging from -5% to -21%. These are substantially
larger than the 0% to -2% suggested in the recent and widely cited review by Green
[137], which lacks a clear and transparent methodology to synthesise the literature
[19], not allowing us to formally compare our results. Our finding is robust to
biases from poor study designs as well as publication bias. Correcting for the latter
adjusts the range of observed emissions reductions to -4% to -15% across carbon

pricing schemes.

The synthesis of research findings across carbon pricing schemes provides comprehen-
sive and consistent evidence of its effectiveness, despite the heterogeneity of policy
designs and regional contexts. Compared to the recent assessment report by the
IPCC, which provides a quantification of achieved reductions only for the EU ETS
[9], our systematic review adds synthesised emission reduction estimates for more
than a dozen carbon pricing schemes. We provide these estimates together with
uncertainty ranges and a transparent assessment of study quality and highlight the
presence of substantial variation in emission reductions achieved across the schemes
in our sample, ranging from -5% for the carbon tax in British Columbia to -21% for
the RGGI. We conduct an early application of Bayesian model averaging for meta-

regressions on our dataset of 483 effect sizes to disentangle which factors explain
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PIP Post Mean Post SD

RGGI 1.00 -28.45 5.09
Chinese_pilot_ETS 0.99 -9.76 2.23
Swiss_ ETS 0.80 14.35 8.93
Data_City 0.78 11.39 7.63
duration 0.76 -0.64 0.46
synthetic_control  0.42 2.87 3.87
tax  0.41 -3.11 4.24
BC_carbon_tax  0.38 3.90 5.65
Swedish_carbon_tax  0.36 -3.05 4.65
Coal 0.32 -2.58 4.26
Less_Bias  0.30 1.16 2.00
Finnish_carbon_tax  0.25 -2.89 5.70
TransLevelLevel  0.19 -0.70 1.67
Data_Region  0.12 -0.40 1.30
log_carbon_price  0.09 0.15 0.62
Data_Sector  0.09 0.25 1.02
Gas  0.08 -0.44 1.88
other_schemes  0.05 -0.31 2.00
Tokyo ETS  0.04 0.15 1.03
industrial_sectors  0.04 -0.04 0.77
Data_Firm  0.04 0.07 0.54
Data_Plant 0.03 0.04 0.47
DVTotal 0.03 0.03 0.51
Saitama_ETS  0.03 0.05 0.65
SE_percent  0.03 -0.00 0.00
Gasoline  0.03 -0.02 0.62
Quebec ETS  0.03 -0.06 0.82
Data_Month  0.03 -0.02 0.52
Data_Year  0.03 0.01 0.41
Data_Airline  0.03 -0.00 0.75
(Intercept)  1.00 -5.99

Table 3.2: Heterogeneity assessment using Bayesian model averaging: The table provides
the results of meta-regressions using Bayesian model averaging. The dependent variable for each of
the meta-regression models is the percentage change in emissions. The posterior inclusion probabil-
ity (PIP) indicates the relevance of each variable. Variables with PIP>0.5 are considered relevant
for explaining the heterogeneity in carbon emissions reductions reported across primary studies.
Post Mean and Post SD represent the mean and standard deviation of the posterior distribution
for a respective explanatory variable. Five variables have PIP>0.5 and are considered relevant: the
dummy variables for RGGI, Chinese pilot ETS, Swiss ETS, Data_City, and duration. The dummy
variables represent the geographic location in which the policy was implemented, with the reference
location being EU ETS. Data_Clity captures whether primary studies used city level data versus
country level data. The variable duration captures the number of years for which data on the scheme
was collected after the policy was implemented. Definitions of the other explanatory variables are
provided in Appendix Table B.4.
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Figure 3.3: Heterogeneity assessment using Bayesian model averaging: The columns in the
figure depict the best 26,435 estimated meta-regressions, with each column showing the outcome
of one estimated meta-regression model. The dependent variable for each of the meta-regression
models is the percentage change in emissions. The possible explanatory variables are depicted in
the rows (ordered by their PIP in descending order) and the explanatory variables included in a
respective meta-regression model of the column is indicated by the colours. Red colour indicates
the variable was included with a negative sign (larger emission reductions). Blue colour indicates a
positive sign (smaller emission reductions). No colour indicates that the variable was not included in
the meta-regression model represented by that column. The horizontal axis indicates the cumulative
posterior model probabilities across all models. The models are ranked by their posterior model
probability with the model on the left accounting for the largest posterior model probability. The
definitions of the explanatory variables are provided in Appendix Table B.4.
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these differences. The findings suggest that the individual context and policy de-
sign of the schemes best explain the heterogeneity in achieved emissions reductions.
These are the most relevant explanatory factors despite controlling for broader pol-
icy design features like the sectoral coverage or the design as carbon tax or carbon

trading scheme as well as for study design features of the primary studies.

Our heterogeneity analysis does not identify a relationship between the price level
and the achieved emissions reductions, i.e. the size of the emissions reductions
observed across schemes from the introduction of a carbon price cannot be explained
well by the carbon price level. This is not surprising as marginal abatement costs
may differ widely as, for example, prominently acknowledged in the literature on
linking carbon pricing schemes [222, 223]. It is further different from the expectation
that higher carbon prices lead to larger emissions reductions within a carbon pricing
scheme as commonly found in available assessments of fuel price elasticities [183, 224,
225]. In line with this argument, we find that the relationship between carbon price
levels and emissions reductions in our meta-analytic framework is dominated by the
across-scheme variation in prices, which accounts for 91% of the variation in our
dataset while the variation within schemes only accounts for 9%. The interpretation
for not finding a clear relationship should thus rather be that when implementing a
carbon price in two countries with different country contexts, the country with the

higher carbon price would not necessarily experience the higher emissions reductions.

This can be observed, for instance, when looking at the cases of China, the EU, and
British Columbia. The reviewed literature finds larger emissions reduction effects
for the pilot emission trading schemes in China (-13.1%) than for the EU ETS (-
7.3%) and the carbon tax in British Columbia (-5.4%), despite the very low carbon
prices of the Chinese schemes. The average prices of the eight Chinese pilot schemes
are all below US$ 8 during the study period, while the average prices for the EU
and British Columbia are at US$ 20 and US$ 18, respectively. This is likely a
result of lower abatement costs in China [226] together with differences in the policy
contexts of the countries. The effectiveness is certainly influenced by other policies
in place. In China indirect carbon prices are lower than in the EU countries and

Canada [227], allowing for a higher marginal effect of the implementation of the ETS
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pilots in China. Non-pricing instruments also diverge across countries. In addition,
the implementation of a carbon price (even with a low price) can have a signalling
effect towards the emitters, underlining the commitment of the government towards
climate mitigation. Evidence for the Guangdong province suggests that signalling
has significantly contributed to the achieved emissions reductions in the context of
the introduction of the ETS pilots in China [228]. Another example highlighting the
relevance of the context of the policy implementation is the case of the RGGI. The
policy implementation coincides with the shale gas boom, which drastically reduced
the prices of natural gas in the USA and started around the same time as the RGGI
was implemented. In face of these general price dynamics in the US energy sector,
RGGI participating states reduced their emissions considerably stronger compared

to non-regulated states [229, 230], while the carbon price was only US$ 3 on average.

Even if across schemes the price level of the carbon price, is not found to be the
relevant driver of the emissions reductions achieved with the introduction of the pol-
icy, within a scheme the effectiveness is expected to increase with increasing prices.
This is well studied for other changes in fuel prices, which are found to substantially
reduce its consumption [224, 225]. That literature studies all possible price changes
on a single fuel, while the here assessed literature on carbon prices studies the effect
of a single policy instrument across all fuels. It is thus a complementary but distinct
body of evidence. Meta-analyses estimate a reduction of fuel consumption between

0.31% and 0.85% in the long run for a 1% increase in the fuel price [179-183].

Within the literature evaluating the policy effectiveness we identified only nine pri-
mary studies estimating semi-elasticities of carbon prices. Four are using the step-
wise introduction of the carbon tax in British Columbia to estimate elasticities for
the transport and buildings sectors [176, 177, 231, 232], while one is conducted re-
spectively for RGGI [230] and EU ETS [178]. In addition, some studies estimate
elasticities across countries and carbon pricing schemes [18, 233, 234]. These studies
support what was already known from studies on the price elasticity of fuel consump-
tion [179-183, 224, 225]: increasing prices reduce fuel use and emissions. Hence, as
carbon prices further rise after the introduction additional emissions reductions are

achieved. Interestingly, some studies suggest that an increase in the carbon tax
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leads to larger emissions reductions than an increase of the same size in the market
price of the fuel [176, 177, 231, 232]. It will thus be a relevant avenue for future
research to understand whether it is a generalisable finding that price elasticities are
higher for policy induced price changes compared to market price changes of fossil
fuels. Such research could draw on the comprehensive evidence from the fuel price

literature.

Our meta-regression results suggest that the policy effectiveness of carbon pricing
policies increases with time. Studies covering longer time periods after the intro-
duction of the carbon price report larger emissions reduction effects compared to
assessments for shorter time periods. While this finding should be treated with
caution, as most of the primary studies assume constant treatment effects for their
estimations, it hints towards increasing emissions reductions in the years following
the policy introduction. The assumption of constant treatment effects reflects not
only methodological considerations of the primary studies, but is also based on the
expectation that as long as the carbon price of the implemented policy is unchanged,
the emission reduction effect should not intensify. The finding of our meta-regression
to some extend counters that assumption. An increasing policy effectiveness could
be a result of steady adjustment processes, enforced by innovation and investments
into cleaner production and infrastructure. Additionally, the literature reviewed
here provides some evidence that an increasing policy stringency has also played its
role in strengthening the effectiveness of the policy. Increases in the carbon prices
led to additional emission reductions in Sweden [235] and the United Kingdom [236].
Similar effects are found for the EU ETS, where the effectiveness increases with the

increasing stringency from phases I, II, and III [237-240).

While the harmonisation and synthesis of the emissions reduction effects provides
an overview of the policy effectiveness across a large number of policy schemes, it
raises a number of policy relevant research questions, which cannot be answered with
a purely quantitative, meta-econometric approach — which is inherently dependent
on the available evidence base. These limitations could be addressed using more
configurative review designs such as realist synthesis which systematically combine

complementary lines of evidence to better understand why particular policy designs
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work, under what conditions, and why [6, 28]. This is done in Chapter 4. Some
research gaps, however, need to be filled by further primary research. First, there
are more than 50 carbon pricing schemes that have not yet been evaluated for their
emissions reduction effect, despite some of them being enacted for more then ten
years. Others have still been studied insufficiently or only poorly. Second, we lack
ex-post evidence of higher carbon prices. There are currently less than ten studies
assessing emissions reductions in schemes with mean carbon prices higher than US$
30 across the observation period. As policy ambitions are raised over time, there
is an opportunity to strengthen that evidence base. Thirdly, this systematic review
highlights substantial challenges with potential biases in the available primary ev-
idence. Only about half of the studies assessed here follow rigorous study designs
with a low risk of bias and only 30% of the studies are adequately powered. While
some of this might be related to a lack of access to adequate data for the most
rigorous research designs, high quality primary research is essential to understand
the effectiveness of climate policies [241]. The multitude of supplementary or con-
flicting policies as well as other confounding factors pose a challenge to the clear
identification of the causal effects of a specific policy [242]. Novel methods of reverse

causality are a promising avenue to address this challenge [243].

The effectiveness is just one dimension of policy outcome relevant to the selection
of the best policy measures. Systematic assessments of the ex-post climate policy
literature on a multitude of policy outcomes and different climate policy options
could be the basis for accelerated learning on climate policies and considerably im-
prove upcoming [PCC assessments. Unless we raise our standards and do this work,
policymakers and society will remain in the dark as to the most promising pathways

towards addressing the climate crisis.
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Realist synthesis: Under what
conditions and why is carbon

pricing effective?

4.1 Introduction

Thousands of implemented climate policies provide an excellent environment to learn
from their success and failure [12, 13], which can inform policymakers to get on
track towards net-zero emissions. Previous studies, including the meta-analysis in
Chapter 3, have shown that the effectiveness of climate policies varies considerably
across instruments and contexts [16, 18]. To benefit from the rich amount of policy
experiences, gathered around the world, we need to move beyond the question what
has been effective or not, and study in more detail under what conditions and why
a policy is or is not effective. A nuanced understanding of the context factors that
make a policy more or less successful are crucial to form expectations to what extent

policy experiences can be transferred from one country to another.

Evidence synthesis can play a key role in fostering cross-country policy learning.
There are large amounts of country-specific policy evaluations already available [15]
(see also Chapter 2). These contain a treasure of detailed evidence, what it is

about a policy that makes it more or less effective in a given context. The array
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of evidence synthesis methods, listed in Table 1.1, provides a glimpse of the variety
of synthesis methods, capable of capturing and synthesising different nuances from
heterogenous types of evidence, required for a context-sensitive assessment of the
policy experiences [27, 50]. We need to make best use of the complementary synthesis
methods to exploit the full potential of the rich evidence, provided by thousands of

policy evaluations.

The meta-analysis, conducted in Chapter 3, provides robust evidence that imple-
mented carbon pricing policies have achieved significant emissions reductions, but
provides limited insights to explain the heterogeneity in reduction rates observed
across contexts. It finds that the design of the policy as a carbon tax or cap-and-
trade scheme, the level of the carbon price, and the sector the policy is applied to
can all not explain the cross-country variation. Instead, the meta-regression results
suggest that the explanations need to be found in the specific country-contexts of

the policies. This needs to be studied, drawing on further lines of evidence.

In this chapter, we use a realist synthesis design, to study what it is about carbon
pricing policies, that makes it more or less effective across contexts. Realist syn-
thesis systematically assesses the causal mechanisms triggered by an intervention
and evaluates what context factors influence the mechanism to unfold. It iteratively
collects hypotheses on combinations of mechanisms and contexts and triangulates
heterogenous lines of evidence to test the validity of the hypothesis. In this way, the
synthesis generates an evidence-based theory, under what conditions and why the

policy is more or less effective [6, 28].

To our knowledge realist synthesis has not yet been applied to the field of climate
policy evaluation. Berrang-Ford et al. [244] explore the applicability of the method
to climate change adaptation practices and Sawatzky et al. [245] and Muzorewa
and Chitakira [246] provide the first applications in the field of climate change
adaptation. Sarmiento Barletti et al. [247] use realist synthesis to study community
engagement practices in the land-use context. In addition, a number of studies have
applied realist synthesis to study health outcomes of energy efficiency interventions

in household heating [127-129]. We here adopt and refine the method to synthesise
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the evidence from climate policy evaluations and evaluate the applicability of the

method for climate policy research.

In this chapter, we aim to compile evidence based theories on the working mech-
anisms of carbon pricing across schemes and sectors. We use a realist synthesis
methodology to answer three interrelated research questions: (1) What are the hy-
pothesised mechanisms by which carbon pricing schemes are effective? (2) What
is the role of different contexts in moderating these mechanisms? (3) What is the
underlying evidence supporting these hypotheses? Our dataset is a compilation of
80 carbon pricing evaluations, obtained through a systematic literature search and
screening process. From this we extract 177 hypotheses on how and under what con-
ditions the policy works and synthesise these into nine main hypotheses. Based on
293 pieces of evidence on 21 carbon pricing schemes, we test and refine the theories
as a foundation for a more faceted theory of how carbon pricing leads to emissions

reductions.

4.2 Realist synthesis

Realist synthesis aims to derive a nuanced understanding on which policy is suitable
in which context. It studies who is supposed to react to the policy in which way
and what are the preconditions to achieve these reactions, building on a variety of
quantitive and qualitative lines of evidence [6, 28]. While effectiveness studies, like
the meta-analysis conducted in Chapter 3, put their emphasis on the ultimate out-
come of the policy intervention, assuming a causal link between policy and outcome,
realist approaches aim to unpack this causal link [28]. What are the mechanisms
triggered by the policy leading to the outcome? Where are potential blockages hin-
dering the mechanism to unfold? And how do different contextual settings alter the
causal linkages? Realist synthesis aims to answer these questions by searching for

and evaluating available evidence.

The synthesis is guided by the development and testing of hypotheses and theories.
In the realist framework these are expressed as context-mechanism-outcome (CMO)
configurations, as depicted in Figure 4.1. In a given context C, the policy triggers

a mechanism M, which leads to an outcome O [28, 248]. As an example, a feed-
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Intervention = Qutcome
Mechanism

Context

Figure 4.1: Context-mechanism-outcome framework: Realist synthesis aims to unpack the
black box, between the implementation of an intervention and its outcomes. This is conceptualised
in a framework, considering contexts and mechanisms relevant to cause a given outcome [6].

in tariff for photovoltaics could trigger homeowners with a south-facing roof (C) to
seek consultation on the suitability and profitability of their location (M), leading to
the installation of a solar panel (O). Realist synthesis aims to collect and synthesise
theories on the mechanisms and context factors leading from a policy intervention
to its outcome(s). These should be specified as testable hypotheses for the further

investigation [249].

The collected hypotheses are tested against the best available evidence, identified
through systematic and transparent searches of the literature. Unlike other synthe-
sis methods, such as for instance meta-analysis, realist synthesis is not restricted to
evidence in pre-defined formats [6]. Instead it triangulates heterogenous evidence to
test the validity of a theory. The reviewed evidence may also suggest amendments
to the theories, for example, where conflicting findings point towards relevant, pre-
viously unconsidered, context factors that may explain why a mechanism was trig-
gered in some but not all reviewed cases. In this way, realist synthesis aims to refine
our understanding of the policy rather than quantifying or ranking the relevance of

different mechanisms [6, 250].

Realist synthesis follows an iterative approach of searching for hypotheses and test-
ing these against the available evidence [6]. The broad questions asked by realist
syntheses open the floor for a wide range of potential theories, combined with the
appreciation of various forms of evidence, this could lead to infinite iterations of
refining and testing hypotheses. Realist synthesis will, therefore, not be able to
review relevant evidence exhaustively [28]. While this distinguishes this approach

from more aggregative reviews, studying a narrow research question with the aim
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to capture all evidence on that question [50], it does not relieve the reviewer of a

transparent and rigorous assessment of the primary evidence [6, 250].

4.3 Methods

Given the observed differences in the effectiveness of carbon pricing schemes across
the globe, identified in Chapter 3, we use realist synthesis to develop theories of
mechanisms how carbon pricing causes emissions reductions in various contexts.
Carbon pricing is commonly advocated for its simplicity. It charges a uniform price
for the emission of each ton of carbon dioxide or its equivalents — ideally across
sectors. Its core assumption is that policy makers do not need to worry about the
specific mechanisms where and how emissions can best be reduced, but that all
emitters are incentivised to reduce emissions to avoid the cost [165, 251]. We aim to
refine this theory by studying the mechanisms where and how emissions are reduced,
to gain a better understanding what it is about the policy that makes it more or

less effective in different contexts.

4.3.1 Literature search

We synthesise the evidence from a set of available ex-post policy evaluations study-
ing the emissions reduction effect of carbon pricing policies. We choose to review
ex-post policy evaluations for three reasons. First, all reviewed studies assess a
carbon pricing intervention and an emissions outcome. Secondly, the use of causal
inference methods in the primary studies allows for the identification of causal mech-
anisms. And thirdly, studies applying causal inference methods on non-experimental
data commonly engage intensively with the data to ensure their finding is not an
artefact of any confounding factor, providing valuable information on mechanisms
and contexts in the form of auxiliary assessments or the collection of supplementary

data.

We use the same set of studies collected for Chapter 3. The systematic search
and selection of studies is depicted in Figure 4.2. A broad set of search terms was
used on four bibliographic databases (Web of Science, Scopus, JSTOR, RePEc) and

Google Scholar, identifying more than 16,000 potentially relevant studies. After
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consecutively screening titles and abstracts followed by full texts, 80 relevant ex-
post policy evaluations are identified, covering 21 carbon pricing schemes. A list of

the included studies is provided in Appendix Table B.1.

4.3.2 Data extraction

In the data extraction stage, we inductively extract hypothesises on the working
mechanisms of carbon pricing from the identified literature. The data extraction
for the realist synthesis is conducted independently of the data that was extracted
for the meta-analysis due to the different data requirements and methods of this
study. We use the context-mechanism-outcome structure as a framework and code
hypotheses and evidence on contexts and mechanisms from each study. We develop
the codes used to classify a specific context or mechanism iteratively while coding.
Hypotheses are often provided in the motivation of a study, in the methods section
as research hypotheses, or in the discussion or conclusion section to provide possible
explanations for unexpected research outcomes. Evidence is often provided in the
results section. The coding therefore takes into account relevant information from
all sections of each research paper. Each segment of the document, that provides a
hypothesis or evidence on a context or a mechanism is extracted and labelled with
all relevant codes. We assign labels from three categories: context, mechanism, and
a distinction between hypotheses and evidence. If a new context or mechanism type
is identified, a new label is created. The created label is used in the subsequent
data extraction to classify text elements on the same topic. In that way, we created
28 context labels and 17 mechanism labels (see Appendix Table C.2). The context
labels are amended by the 21 carbon pricing schemes in the sample, which are

labelled on the study level.

Each hypothesis or evidence element is ideally assigned at least one context and one
mechanism label, to cluster these in context-mechanism-outcome configurations. We
assign the context and mechanism labels to the best of our knowledge from the in-
formation provided in the study. For some elements we have very specific context
information available, allowing to assign a range of context labels, while for others
the context cannot be specified further than the studied scheme. Similarly, some ele-

ments provide a detailed assessment of a specific mechanisms, while others are more
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Figure 4.2: Flow diagram of the systematic review process: We searched for evidence in four
bibliographic databases and a web based search engine. After screening we retained 80 relevant
articles, from which we extract hypotheses and evidence on the mechanisms and contexts of carbon
pricing. These are synthesised using the context-mechanism-outcome framework.
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vague about the causal mechanism they assume. The context-mechanism-outcome
information, therefore, varies in the level of detail assigned for each hypothesis and

evidence element.

4.3.3 Synthesis

To synthesise the extracted data, we assess the labelled information — category
by category — to identify common themes. We start by reviewing the identified
hypotheses clustered by the assigned mechanism and context labels. We group the
hypotheses extracted from the primary studies based on the mechanism they relate
to. We also tested an alternative grouping based on the context categories, but find

the mechanism structure to provide a more consistent framework for the synthesis.

For each group of hypotheses we formulate a main hypothesis describing the as-
sumed mechanism. We then synthesise the hypotheses in each group to collect all
assumptions how the mechanism is expected to unfold. In particular, we capture
the context factors assumed to be relevant in explaining the occurrence and inten-
sity of a given mechanism. This is facilitated by the context labels assigned to each
hypothesis extracted from the primary studies. The level of detail provided for the
context factors ranges from broad assumptions on sector differences to much more
detailed assumptions what it is about a sector, firm, or household that influences

whether a mechanism is triggered.

For each of the synthesised hypotheses we assess the availability of evidence to
evaluate the hypothesis. We use the labels assigned during the data extraction to

identify evidence relevant to each hypothesis.

The largest part of the extracted evidence is derived using statistical hypothesis
testing. We evaluate such evidence in line with the reported significance test. In-
significant findings are interpreted as mo evidence. For other types of evidence, i.e.
evidence from descriptive assessments of data, we report how the evidence was de-
rived and generally interpret it as suggestive evidence. While we do not conduct
a comprehensive risk of bias assessment, we critically evaluate the reliability of the

cited evidence and report caveats as required.
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We report our findings in the results section below, structured by the mechanisms.
For each mechanism, we first provide the synthesised hypothesis and highlight rele-
vant details of expected variations based on the context. We continue by reporting
on the evidence used to test the hypothesis, assessing to what degree the evidence
supports the hypothesis. This is followed, for each mechanism, by a conclusion,

which refines the hypothesis based on the assessed evidence.

4.4 Results

From 80 studies we extract 177 instances where hypotheses are mentioned, which we
cluster by the nine main mechanisms (see Figure 4.2). We evaluate these hypothe-
ses based on the evidence provided in the same 80 studies — namely a set of 293
statements. Most of the evidence results from quantitative quasi-experimental re-
search methods, providing causal assessments of the hypotheses. It further includes

evidence from surveys and descriptive assessments of data.

The nine mechanisms, derived from the synthesis of the hypotheses, comprise fuel
switching, adoption of low carbon technologies, efficiency improvements, investment
changes, research and development, reduced production and consumption, leakage,
salience, and the anticipation of future carbon prices (see Figure 4.3)!. Hypotheses
expressed in primary studies that could not be captured, as they could not be

allocated to a specific mechanism, are provided in Appendix Table C.1.

The mechanism contexts expressed in each hypotheses 4.4.1-4.4.9 are mainly char-
acterised by the policy scheme (including country of implementation and aspects of
policy design) and the studied sector. The reviewed studies cover 21 carbon pric-
ing schemes from various world regions, applied at the sub-national, national or
regional level. In particular, we assess evidence from sub-national emission trading
schemes (ETS) in eight Chinese provinces (commonly assessed together as a single
policy), as well as in Tokyo, Saitama, Quebec, California, and a group of eleven

US states (regional greenhouse gas initiative, RGGI), from a regional carbon tax

nterestingly, a number of the mechanisms studied here are captured as policy outcomes in the
evidence and gap map in Chapter 2. This indicates that some policy outcomes are not only relevant
in their own right, but are, at the same time, relevant to explain the causal mechanism towards
emissions reductions.
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Reduced production salience  Adoption of low-
carbon technologies

Fuel switching Anticipation EiSSiang

reductions

Carbon
pricing
Leakage Investment

Research and

development

Efficiency improvement

Sectors: Energy / Industry / Transport / Buildings

Jurisdictions: Australia / Beijing / British Columbia / California / Chongging / European Union / Finland / Fujian / Guangdong /
Hubei / Korea / Quebec / RGGI states / Saitama / Shanghai / Shenzhen / Sweden / Switzerland / Tianjin / Tokyo / UK

Figure 4.3: Synthesis of hypotheses on nine mechanisms across contexts: We group the
identified hypotheses by the nine mechanisms by which carbon pricing is assumed to cause emissions
reductions. The occurrence of these mechanisms depends on the context in the given sector and
jurisdiction. The depiction of the context factors is simplified here and the details are provided in
sections 4.4.1-4.4.9.

in British Columbia, national ETSs in Australia, Korea and Switzerland, national
carbon taxes in Finland and Sweden, a regional ETS in the European Union (EU),
and a national policy applied in the UK to increase the stringency of the EU ETS on
national level (carbon price support). The sectoral context is synthesised using the
IPCC emission sectors: energy, industry, buildings, and transport (with other emis-
sion sectors not being relevant). The reviewed policy evaluations study the policy
for periods of one to 16 years of its implementation, with 80% of the studies assessing
7 years or less, thus focussing on short-run rather than long-term mechanisms. The

mean price level across the studies is at about US$ 19 per ton of emitted carbon

dioxide (equivalent).

An overview of the hypotheses and the associated evidence is provided in Table
4.1. The overview also points to gaps in the evidence, where a context-mechanism

configuration could not be tested.
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Table 4.1: Mechanisms how carbon pricing is assumed to cause emissions reductions: Summary of hypothesised mechanisms and reviewed evidence.

Mechanism Explanation Context Evidence
Energy Industry Transport Buildings Across sectors
Fuel switching Carbon pricing in- | Dependent on | Coal to gas tran- | Not observed for | Indications from | Indications from | Relative rather
duces firms to sub- | substitutable fuels | sitions observed | Tokyo or Saitama | Sweden and Fin- | Sweden for switch- | than absolute fuel
stitute high emit- | and processes, and | in the UK power | ETS [258] land for switching | ing from oil | switching caused
ting fuels for lower | therefore may not | sector [175, 178, from gasoline to | heating to wood, | by Chinese ETS
emitting fuels apply to certain | 252, 253]; No diesel cars [259, | electricity, and | pilots [261-269]
sectors such as | absolute (poten- 260] district heating
aviation; In the | tially relative) fuel [235]
short-term depen- | switching observed
dent on available | for EU ETS [178,
capacities 240, 254, 255] or
RGGI [230, 256,
257]
Low-carbon Carbon pricing in- | Expected to be | No uptake in re- Indications for
technology duces firms to sub- | a more gradual | newable energies increase in heat
adoption stitute fossil fuels | and  longer-term | in Tokyo [258] and pump installations
for renewable and | outcome, due | RGGI states [257]; in Sweden [235]
low-carbon sources | to the lead-time | UK carbon price
(e.g. wind, so- | for developing | increased hydro
lar, hydro, nuclear- | alternative energy | but not nuclear
power, electricity) | sources power [252]
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Table 4.1 (continued)

Mechanism Explanation Context Evidence

Energy Industry Transport Buildings Across sectors
Efficiency im- | Carbon pricing in- | Costs for efficiency | Increase in emis- | EU ETS caused Chinese ETS pilots
provements duces firms to ad- | improvements dif- | sion intensity ob- | significant reduc- cause  significant
just processes, to | fer by sector and | served in RGGI | tions in emission reductions in emis-
lower the emission | firm; Adjustments | states [257] intensity in France sion intensity [265,
intensity of their | are expected to re- [254, 255], Ger- 267, 269, 272-274]
production quire some time to many [240], and (few studies find
be implemented Lithuania  [270], no such effect [275,
but not in Norway 276]); emission in-
[271] tensity reductions
vary by ETS pilot
scheme [265]; both
energy intensity
[174, 272, 273] and
emission intensity
of energy reduced
[269]; Emission
intensity reduc-
tions observed in

Quebec [277]
Investments Carbon pricing | Investment deci- EU ETS fosters Indication for | Chinese ETS pi-
incentivises firms | sions are based on investments of increased  invest- | lots reverse effect
to invest into | long-term expec- French  manufac- ments into heat | of foreign direct
new equipment to | tations of carbon turing sector into pumps fostered by | investment  from
reduce emissions price levels and de- reduced emission Swedish carbon | increasing to de-
pend on financing intensity [255] tax [235] creasing effect on

conditions

emissions [278]
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Table 4.1 (continued)

Mechanism Explanation Context Evidence
Energy Industry Transport Buildings Across sectors
Research and de- | Carbon pricing Chinese ETS pilots
velopment fosters research increase expendi-
and development ture for research
of new technologies and development
to reduce emissions [279] (another
study does not find
the same effect
[261]); number of
patents [263] and
of “green” patents
[268]; increased
innovation is found
to reduce emissions
[263, 264]
Reduced produc- | Emissions can be | Energy and indus- | Reduced energy | No reductions of | Reductions in No evidence for
tion/consump- avoided by reduc- | try sectors may | generation caused | industrial output | short-haul flights reduced  produc-
tion ing the production | be more affected, | by Chinese ETS | found for Chinese | (EU ETS) [283] tion caused by

or consumption

due to inelastic de-
mand for heating
and transport

pilots [174, 252,
262, 269, 273, 280]
but not by Tokyo
ETS [280]

ETS pilots [281,
282] or EU ETS
[240]

and urban car use
(British Columbia
carbon tax) [231]

Chinese ETS pilots
[265, 269, 281,
282, 284], British
Columbia  carbon
tax [285], or Euro-
pean carbon taxes
[286]
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Table 4.1 (continued)

Mechanism Explanation Context Evidence
Energy Industry Transport Buildings Across sectors

Leakage Production and as- | Dependent on | RGGI and UK car- | Within firm re- No evidence for
sociated emissions | spare production | bon price support | allocation of leakage caused by
are relocated to | capacities outside | cause increase in | production to Chinese ETS pilots
jurisdictions where | the treated juris- | (lower  emission) | other jurisdictions [261, 288]; Positive
they are not sub- | diction and, in the | energy imports | found for Califor- spill-over  effects
ject to the policy or | case of the energy | [230, 252, 256, | nian cap-and-trade caused by Tokyo
reallocated to en- | sector, spare trans- | 257]; No evidence | scheme [287]; No and Saitama ETS
tities that are ex- | mission capacities; | for increased | evidence for reallo- [289]
empted from the | Leakage is mainly | energy imports | cation to exempted
policy assumed for en- | caused by Chinese | firms by EU ETS

ergy and industry | ETS pilots [262] [240, 254]
sectors (and  to

a limited extent

in the transport

sector)

Salience The salience of the Possibility to | Possibility to | British Columbia | British Columbia | Cross-country
policy  influences sell emission al- | sell emission al- | carbon tax induces | carbon tax induces | study finds in-
the responsiveness lowances reduces | lowances reduces | larger emissions | larger emissions | troduction effect
of firms and in- emissions less than | emissions less than | response than | response than | regardless of the
dividuals to the need to purchase | need to purchase | market induced | market induced | carbon price level
policy allowances (EU | allowances (EU | price changes [176, | price changes [177] | [18§]

ETS) [290] ETS) [291] 231]

Anticipation Emissions re- RGGI caused emis- | EU ETS caused | Downward adjust- Chinese ETS pi-
ductions  depend sions reductions al- | emissions reduc- | ments of future lots not found to
on anticipated ready before its im- | tions already | carbon taxes low- cause emissions
emission costs plementation [229] | before its imple- | ered emissions reductions between

mentation [240]

reduction efforts in
British  Columbia
[232, 292]

announcement and
implementation
[269, 288]
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Chapter 4. Realist synthesis 4.4. Results

4.4.1 Hypothesis: Emissions are reduced by switching from high

emitting fuels to lower emitting fuels

A common hypothesis, expressed in many of the reviewed articles, is that individuals
or firms would respond to a carbon price by switching fuels [174, 178, 230, 239, 252,
255, 256, 266, 277, 279, 293, 294]. The amount of greenhouse gases emitted by
the combustion of fossil fuels varies by fuel. In particular, coal is significantly more
emission intensive than natural gas [178, 230, 252], oil can be placed somewhere
between these two fuels [230], considering their global warming potential over 100
years. Therefore, carbon prices may induce firms to switch from fossil fuels with a
higher emissions intensity to fuels with lower emissions intensities. (Switching from

fossil fuels to low-emission alternatives is captured in hypothesis 4.4.2 below.)

Different sectors may have varying potentials for fuel switching, depending on the
type of fuel used and the availability of alternatives in the short- and in the long-run.
Particularly the power sector is commonly characterised by capacities that exceed
the power demand most of the time. If these capacities are made-up of power
plants using different fuels, a switch in utilised fuels is feasible in the short-run [178,
252, 293-295]. In the transport [252, 296] and buildings [177] sectors, on the other
hand, users are commonly bound to a specific fuel for the lifetime of their vehicles
and heating installations, which may only be substituted over a longer period of
time. For the manufacturing sector, there are conflicting expectations as to whether
fuel switching is feasible in the short-run [277, 293], likely related to the variety of

technologies used in the sector.

Evidence: Evidence for fuel switching is only found for the energy sector in the UK,
subject to the carbon price support [175, 178, 252, 253], replacing coal with natural
gas combustion. The EU ETS and RGGI, instead of replacing coal by gas, are found
to reduce coal combustion in the energy sector without an uptake in the combustion
of other fuels [178, 230, 256, 257]. Consistent evidence for the UK carbon price
support shows that the policy caused a significant decrease in emissions from coal
power generation, while emissions from natural gas power plants increased at a lower
magnitude [175, 178, 252, 253]. In fact, a few years after the introduction of the

carbon price support the share of coal in the energy production was lowered from
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39% (2012) to 2.4% (2019), with the carbon price ranging between US$ 30 and 40
in 2019 [252]. Evidence for the RGGI [230, 256, 257] consistently shows that the
carbon price reduced emissions from coal power generation, but did not increase
emissions from natural gas power generation. The same effect is found for the EU

ETS by a study on the German energy sector [178].

Fewer studies are available for the industry sector, while the transport and buildings
sectors are only covered by descriptive evidence. The industry sectors covered by
the ETSs in the EU and Japan show evidence for relative fuel switching. The EU
ETS is found to cause significant reductions in the emissions from coal combustion
during the second phase of the ETS policy, while no switch to natural gas or oil
is detected [240, 254, 255]. Yajima et al. [258] find no evidence for fuel switching
caused by the Tokyo or Saitama ETS in the industry sector. Descriptive evidence
from Sweden and Finland points into the direction that the carbon taxes also in the
buildings and transport sectors led to fuel switching. In Sweden, the combustion of
oil heating in households declined, while heating with wood, electricity or district
heating increased [235]. A similar trend is observed in the transport sector, where
the share of diesel cars compared to gasoline cars in Sweden increased substantially
between 1991 and 2015 [259], while in Finland the consumption of diesel increased
and the gasoline consumption dropped [260]. While the Swedish carbon tax was
introduced with a price level of US$ 30, for Finland, this trend was observed starting

at carbon prices below US$ 10.

The evidence for the Chinese ETS pilots is not sector specific, but provides evidence
for relative rather than absolute fuel switching across sectors. The policy is found
to reduce coal combustion, both in absolute terms [261, 262] and as a relative share
in the energy mix [263-267]. There is less evidence available to test whether coal
combustion was replaced by the combustion of other fuels. An increase in the relative
share of natural gas combustion is detected [268, 269], but no absolute uptake of
natural gas combustion [261]. When including also other energy sources (hydro,
nuclear, wind and natural gas), the ETSs are found to cause an increased energy
generation from these sources [262]. The causality between the ETS pilots and

reduced coal combustion should be treated with some caution, as other Chinese
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regions, with high GDP per capita, are found to reduce coal combustion around the

same time as the ETS pilots were introduced [261].

Some more detailed evidence from the energy sector, provides further insights into
the preconditions for the fuel switching mechanism. Gugler et al. [178] calculate
the marginal costs of each power plant at different carbon price levels to examine
the “power supply structure (called the ‘merit order’)”. They show that a carbon
price of 25 EUR reverses the supply structure, such that enough gas power plants
supply electricity at lower marginal costs than coal power plants to satisfy the entire
electricity demand at commonly observed demand levels. A similar effect is not
found for the German energy sector, where the carbon price of the EU ETS was
too low (until 2018) to cause substantial fuel switching between coal and natural
gas. For the RGGI states, fuel switching is only observed in periods of low natural
gas prices, indicating that the carbon price is unable to reverse the merit order in
periods of high natural gas prices [257]. The merit order is of lower importance in
highly regulated or monopolised energy markets. Cao et al. [262] points out that
electricity generation in China is based on quotas allocated without consideration
of the generation costs, questioning the viability of fuel switching between facilities.
And Leslie [295] shows, based on evidence for the Australian ETS, that large power
producers, which run both coal and gas power plants and posses sufficient market
power, may have an incentive to continue running coal power plants instead of
switching to natural gas power generation and thus obstruct the market mechanism

from causing a fuel switch.

Conclusions: Emissions are reduced by switching from high emitting fuels to lower
emitting fuels, under the condition that lower emission technologies are available and
able to substitute previous processes. A further condition is that the carbon price
is high enough to reverse the marginal costs of different fuels in favour of the lower
emitting fuel. These conditions are mainly met in the energy sector, while other
sectors show little evidence for fuel switching in the short run. Relatively, carbon
pricing is found to reduce the share of high emitting fuels across sectors and schemes.
The reviewed studies largely focus on the first few years after a policy is introduced.

There are some indications that over longer time periods some durable technologies
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are also replaced in favour of technologies using lower emitting fuels. The evidence
from the UK suggests that substantial emissions reductions can be achieved via fuel

switching already at moderate carbon prices.

4.4.2 Hypothesis: Low-carbon technologies are adopted to reduce

greenhouse gas emissions

Carbon pricing may not only motivate the switch from one fossil fuel to another,
but also incentivise the adoption of other energy sources, such as wind, solar, hydro
or nuclear, or in demand-sectors the electrification of key processes [252, 266, 272,
279]. This mechanism is assumed to be a gradual transition [266], as the installed
low-carbon technologies in the power sector are expected to run at (close to) full
capacities even without the carbon pricing policy [252]. The mechanism, therefore

requires the installation of new capacities.

Evidence: Evidence for this mechanism is limited to the energy and buildings
sectors. Yajima et al. [258] find no significant effect of the Tokyo ETS on the energy
produced from renewable sources. RGGI has not caused an increase in the energy
produced by renewable energies, in fact the uptake of renewable energies in the
RGGI states was significantly slower as compared to other US states that did not
apply a carbon price [257]. When the UK carbon price support was introduced, the
hydro power has partly filled the gap of reduced fossil energy production (roughly
15%) [252]. For nuclear power, Gugler et al. [252] find no significant uptake related
to the UK carbon price support. For the buildings sector, Runst and Thonipara
[235] provide descriptive statistics that around the same time when carbon taxes
were increased, the sale of heat pumps more than doubled, without assessing the

causal impact of the tax increase on the uptake of the technology.

Conclusions: The reviewed studies provide limited evidence of carbon pricing re-
ducing emissions via the adoption of low carbon technologies. This might be related
to the type of evidence reviewed. Most studies in our sample assess the effectiveness
of the policy across a rather short period of time. As expressed in the hypoth-
esis, this mechanism is likely to take some time to unfold. Further evidence to

test this hypothesis can be expected to become available the longer the policies are
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in place. Another explanation could be the rather low carbon prices observed for
many schemes in the primary studies, reducing the profitability of the adoption of

new technologies.

4.4.3 Hypothesis: Emissions are reduced via efficiency improve-

ments

Many study authors express hypotheses that carbon pricing may reduce emissions
by lowering the emissions per unit of output [230, 240, 255, 264, 271, 274, 281, 293].
This may be achieved via reductions in energy intensity [264, 274, 293], reduced
emission intensity of energy [269], or shifts in the economy towards industries with
lower emission intensity [263]. Energy intensity could, for example, be achieved by
“switching to a combined heat and power system” [230] or more generally by making
“more efficient use of process heat” [240]. Reductions in the emission intensity of
energy are closely linked to the mechanisms discussed above to switch to lower
emitting input fuels or to replace fossil fuels by low-emission technologies such as

renewable energies.

In the reviewed studies the emission intensity mechanism is described for the indus-
try [240, 293] and energy [230] sectors. It is not excluded that the same mechanism
could also be relevant in other sectors. As the reduction of emission intensity is
expected to require investments [271], this mechanism is expected to require some
time to unfold [230]. As the costs may differ by sector or firm, improvements in
the emission intensity are expected to happen where the abatement costs are lowest
[293], while in other sectors the abatement costs may be too high to observe any
reductions in the emission intensity [283]. Also the size of the emitting facilities may
have an impact on whether the emission intensity is reduced, as larger firms may
have the advantage of scale effects so that an improvement in the processes may lead

to larger emission savings and larger avoided payments for the carbon price [291].

Evidence: Evidence suggests that the ETSs in the EU, China, and Quebec caused
significant reductions in the emission intensity of output. For the EU ETS this is
particularly studied for the industry sector, while the policies in China and Quebec

are studied across sectors. For the EU ETS, consistent evidence for reduced emission
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intensity is found for the manufacturing sectors in France [254, 255], Germany [240],
and Lithuania [270]. Evidence for all three countries shows significant reductions
during the second phase of the ETS policy. Only in the Norwegian manufacturing
sector, the EU ETS is not found to cause significant improvements of the emission
intensity [271], while there is a lack of evidence for other EU countries. Studies
on the Chinese ETS pilots, conducted across sectors, largely agree that the policy
achieved significant reductions in emission intensity [265, 267, 269, 272-274], while
a few studies do not find significant improvements of the emission intensity [275,
276]. Qi et al. [265] study the emission intensity effect per ETS pilot and find
significant emission intensity reductions only for Beijing and Hubei, while they do
not find significant effects for Tianjin, Shanghai or Guangdong. The Quebec ETS in
Canada is also found to significantly decrease the emission intensity [277]. Only for
the RGGI, the evidence suggests an increase in the emission intensity in the power

sector, likely caused by a utilisation rate below the capacity of each plant [257].

There is less evidence available to test whether this reduced emission intensity of
output is explained by reduced energy intensity, reduced emission intensity of energy,
or both. There are four studies testing the effect of the Chinese ETS pilots on
energy intensity. Three find evidence for reduced energy intensity [174, 272, 273]
and one finds an insignificant reduction effect [269]. The findings still show a limited
consistency, with estimated reduction effects ranging from 1% to 39%. Cui et al.
[269] furthermore finds a significant reduction in carbon intensity of energy caused

by the ETS pilots.

Firm level evidence reveals that carbon intensive plants are more responsive to the
policy and that firms react by improving efficiency or shutting down of their facili-
ties. Kim and Bae [293] find a differentiated response to the ETS implementation
by Korean manufacturing firms. They use the fact that almost half of the manufac-
turing firms before the policy implementation were certified for their environmental
performance, while the other half did not hold such a certificate. The ETS im-
plementation caused significantly higher emission reductions among firms without
environmental certification compared to certified firms. This suggests that firms

with a worse environmental performance before the policy implementation follow
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the best practices of those firms that had reduced emissions before the policy was
in place. In the EU, firms are found to increase their investments into technology to
reduce emission intensity [255] (further discussed in section 4.4.4). The carbon price
in the UK is found to cause the shut down of the most emission intensive plants first,
while later increases of the carbon price had relatively smaller reduction effects, as
only more efficient power plants remained on the market [252]. The findings by Ler-
outier [175] further suggest that the UK carbon price support inhibited the entrance

of high emitting plants to the UK energy sector.

Conclusions: The reviewed evidence supports the hypothesis that carbon prices
achieve emissions reductions via efficiency improvements. The evidence is most com-
prehensive for reductions in the emission intensity of output, while only providing
suggestive evidence that both energy intensity and emission intensity of energy are
reduced. Firm level evidence suggests that most significant reactions to the policy
are observed for plants with high emission intensities, which are driven to improve
their efficiency or pushed out of the market. This mechanism could be studied in
further detail and potentially be split into more fine-grained mechanisms to under-
stand what actions firms are taking to reduce emission intensities and how these are
motivated by the carbon price. Finally, we did not identify any evidence for this

mechanism in the buildings and transport sectors.

4.4.4 Hypothesis: Carbon pricing fosters investments

The above presented mechanisms often require investments into updating or pur-
chasing of equipment [271, 277, 278, 297], such as machines [271], heating systems
[235] or vehicles [232]. Carbon prices may be taken into account for investment deci-
sions as they have a direct influence on the profitability of different technologies over
their lifetime. Investment decisions further depend on the availability and knowl-
edge about affordable technical solutions [271] as well as the financing conditions for
the investor [287, 297]. The mechanism is expected to reduce emissions in the long-
rather than the short-run, as the translation of investment decisions into emissions

reductions takes time [235, 271].
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Evidence: In general, the evidence for this mechanism in the reviewed studies is
quite scarce. Colmer et al. [255] study the investments of French manufacturing
firms subject to the EU ETS and find a significant increase in investments caused
by the carbon pricing policy. In particular, investments in less emission intensive
processes and technologies are found to increase, while there is no significant effect
detected for investments on emissions detection or end-of-pipe emissions reductions.
They further support their findings from the investment data by conducting a survey
of French manufacturing firms. Firms which are participating in the EU ETS are
found to be more likely to invest into improvements in the use of process heat as

well as process optimisations.

Only one study assesses the interaction between the policy and foreign direct invest-
ment. Their findings imply that, while foreign direct investment in China generally
has an increasing effect on greenhouse gas emissions, this effect is reversed by the
introduction of the pilot ETS policy [278]. Without the backing of further evidence

this should however be treated with caution.

Some more descriptive evidence is provided by Runst and Thonipara [235] for the
Swedish buildings sector. They find that heat pump sales substantially increase
following a significant increase of the Swedish carbon tax rate from about US$ 50
to above US$ 120. During the same years, the residential per capita emissions
decrease significantly. The authors point to an “adjustment lag”, which supports
the assumption that emission reductions achieved via investments will take some

time.

Conclusion: The scarce evidence described by the reviewed studies provides a weak
indication that carbon pricing fosters investments. One study from Sweden points
to the critical role of the carbon price level to incentivise investments. Again, the
limitation in the available evidence is likely explained by this mechanism requiring
time to unfold, while the reviewed studies are largely focused on the first few years
after the policies were introduced. Further evidence would need to be collected to

test this hypothesis.
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4.4.5 Hypothesis: Carbon pricing spurs research and development

to achieve emissions reductions

Besides investment in available technologies, the policy is expected to incentivise an
uptake of research and development to find new solutions for emissions reductions
[230, 261, 263, 264, 274, 275, 277, 279, 298, 299]. The success of these activities
to develop scalable solutions for carbon intensive processes is not guaranteed and is

expected to take time before resulting in emissions reductions [261].

Evidence: This mechanism is only studied for the Chinese ETS pilots among the
studies we review. The evidence shows weak indications for increased expenditure
for research and development as well as for an increased number of issued patents.
Early evidence also suggests that increased research activities have played a role in

bringing emissions down.

Out of three studies assessing the expenditure, two find an increase [264, 279] (the
latter assesses an index combining expenditure with further research and develop-
ment indicators), while one study does not find a significant effect of the ETS pilots
on the expenditure for research and development [261]. Yang et al. [298] finds that
also the governmental expenditure for research and development significantly in-
creased with the implementation of the policy. It is, however, difficult to argue that

governmental spending can be the result of a policy.

With respect to issued patents, Xu [263] find that the Chinese ETS pilots have a
positive effect on the total number of issued patents. Dong et al. [268] divide the
patent data into “green inventions” and other inventions (without a transparent
definition for green inventions) and find that the ETS pilots specifically promoted
“green” innovation. This is partially supported by Chen et al. [299], who find mixed

results for different indices of low-carbon technology patents.

Xu [263] and Wang et al. [264] further test, whether achieved emission reductions
are caused by the increased innovation efforts using mediation analysis. Both studies
find that the uptake in innovation is a causal mechanism towards emissions reduc-

tions. The studies assess data for the first seven and three years after the policy

87



Chapter 4. Realist synthesis 4.4. Results

implementation, respectively. This either implies a very rapid success of the inno-

vation mechanism or questions the reliability of the findings.

Conclusion: The reviewed evidence provides a weak signal of an uptake in research
and development activities fostered by the Chinese ETS pilots. Only some of the
studies find statistically significant effects for some measures of the research and
development activities. Early assessments of the causality of this mechanism for
emissions reductions imply a causal chain from carbon pricing via research and
development leading to emissions reductions. The significance of this mechanism
should be further substantiated with evidence from other carbon pricing schemes

and studies of longer time periods.

4.4.6 Hypothesis: Emissions are reduced by reducing production

Instead of adjusting the production processes, firms and households could also avoid
the costs induced by carbon pricing by scaling down their production or consump-
tion [230, 257, 264, 271, 275, 277, 279, 281, 296]. The carbon price induced cost
may make the production of specific products unprofitable [271] or deteriorate their
competitiveness with respect to products that are not subject to the policy [298],
causing firms to reduce their production. If the costs are passed on to consumers,

they may also adjust their consumption accordingly [296].

This mechanism is mainly expected in the manufacturing [271, 277] and energy [230,
257] sectors. As the demand for heating and transport are assumed to be inelastic,
this mechanism is not assumed to significantly affect the buildings and transport
sectors [231]. At least for the aviation sector, Heiaas [296] challenges the inelasticity
assumption and instead assumes reduced demand for air travel once ticket prices

are increased.

Reduction in production is a flexible response to policy signals and may be temporary
until a more permanent solution is achieved via one of the other mechanisms with
a longer time lag [277, 296]. Carbon induced costs are most significant for emission
intensive firms, which are therefore expected to be the first to reduce production,
potentially being replaced by less carbon intensive industries [263]. A reduction of

production by firms subject to the policy may be replaced by firms that are not
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regulated by the same policy [230]. This mechanism is discussed in section 4.4.7

below.

The assumption of reduced production may also be reversed. As discussed above,
the policy may foster the adoption of more efficient technologies. These in turn may

have a positive impact on production [263, 281].

Evidence: The reviewed evidence does not suggest significant reductions in overall
production levels. Measured by the gross domestic product (GDP), no evidence for
reduced production levels is found for the Chinese ETS pilots [265, 269, 281, 282,
284], British Columbia carbon tax [285], or carbon taxes applied across European
countries [286]. Only one study challenges the overall consistent evidence for China,
finding some indication for a short-term reduction in gross domestic product in the
first year of the policy [300], while the significance of the finding (from a synthetic

control design) is unclear.

Other studies instead proxy the overall output using data on employment levels.
From significant reductions in employment caused by the Quebec ETS, Hanoteau
and Talbot [277] conclude negative effects of the policy on production. The Chinese
ETS pilots, on the other hand, are found to have a positive impact on employment
levels [298]. Changes in employment levels are not necessarily an indication for
changes in the level of output and should only be interpreted as suggestive evidence

for a change in production.

Sectoral level estimates show that industrial output was not affected by carbon
pricing, while other sectors were triggered to reduce their production. Industrial
output is measured in accordance with the gross domestic product examined above.
It is not found to be significantly reduced by the Chinese ETS pilots [281, 282] or the
EU ETS [240]. Sector specific measures of economic activity, show reduced energy
generation caused by the Chinese ETS pilots [174, 262, 269, 273], but not by the
Tokyo ETS [280]. Descriptive evidence for the UK carbon price support shows a
modest decline in electricity consumption of about 5% during the first few years of
the policy [252]. The EU ETS is further found to cause a significant reduction in
short-haul flights below 1000km distance [283].
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Heterogeneous responses in gasoline demand are found for the transport sector in
British Columbia. While the carbon tax is found to reduce the demand in larger
cities, more rural areas show no response to the carbon pricing policy [231]. This
could be explained by more readily available alternative modes of mobility, such as

public transport, cycling, or walking.

Conclusion: Carbon pricing is not found to generally reduce production, but spe-
cific sectors react to the policy by scaling down their activities. The evidence does
not reveal why the sectoral declines are not showing up in the larger aggregates.
This could be related to measurement uncertainty or the size of the effect being
too small compared to the aggregate. More interestingly, it might also be explained
by shifts in economic activities, which are insufficiently studied. Declines in flights
or car use may, for instance, be substituted by an increase in train travel. This
should be further investigated by future research for a better understanding of the

mechanism.

4.4.7 Hypothesis: Carbon prices cause ‘leakage’

Firms can also try to avoid policies by relocating their production and associated
emissions to other jurisdictions or facilities not subject to the policy [178, 230,
233, 255-257, 261, 262, 277, 287-289, 298, 301, 302]. This phenomenon, known as
leakage may be observed in different forms. Firms operating both within and outside
the carbon price jurisdiction could relocate (parts of) their production to facilities
outside the regulated area [255, 287, 289]. Leakage can also occur when actors within
the carbon pricing jurisdiction take the decision to reduce production, resulting in
an increased import from or decreased exports to non-affected jurisdictions [240,
288, 289]. Even within the jurisdiction the policy may incentivise firms to reallocate
their production, if some actors (e.g. based of the size of the facility) are exempted

from the carbon price [254, 255].

The leakage mechanism is available in the short-run if spare production capacities
[178, 287] and, in the case of the energy sector, transmission capacities [178] are
available. It might be a temporary response to carbon pricing until other emission

reduction mechanisms, which take longer to implement, become operational [230].
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Some sectors are more prone to emission leakage than others [302]. In particular, the
energy [256, 257] and industrial [288] production can be relocated. In the transport
sector, leakage is limited to cross-border fuel shopping [231] and in the buildings

sector the leakage mechanism is likely unavailable.

Leakage can offset achieved emissions reductions and potentially increase global
emissions [255]. Counter to the leakage hypothesis, carbon pricing could also cause
emissions reductions outside the treated jurisdiction, if enhanced procedures and
technologies are adapted by those not subject to the policy or if emissions reductions
outside the regulated area can be accounted for to lower carbon price expenses (off-

sets) [233, 261, 289).

Evidence: Evidence on emission leakage is found for the Californian cap-and-trade
scheme [287], for the RGGI [230, 256, 257], and for the UK carbon price support
[252]. Studies on the EU ETS [240, 254, 255], Chinese ETS pilots [261, 262], Tokyo
ETS, and Saitama ETS [289] do not show evidence for emission leakage. Firms that
operate in California and also have plants outside of California are found to shift
production from Californian plants to facilities not subject to the cap-and-trade
policy [287]. For both the UK and the RGGI participating states, evidence shows
that some of the reductions in electricity generation from coal and natural gas within
the policy area are replaced by energy generation from outside the policy area [230,

252, 256, 257).

For the EU ETS, different lines of evidence are examined, with none pointing to-
wards leakage. Wagner et al. [254] and Colmer et al. [255] examine emission leakage
within the EU. As the policy entails exceptions, particularly, based on the size of
the facility, emissions could be reallocated from larger to smaller facilities. Both
studies find no evidence for within EU leakage in the French manufacturing sector.
Colmer et al. [255] furthermore finds no evidence for emission leakage via increased
imports of emission-intensive intermediate products from outside the EU. French
manufacturing firms are not found to increase their import volumes. Petrick and
Wagner [240] examine whether emissions of German export goods may be relocated
by production outside the EU. The study finds no reduction in German manufac-

turing exports, but cautions the interpretation of the findings, as the studied data
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include export data to other EU countries, which are subject to the same policy.
Chinese ETS pilots are not found to cause significant increases in electricity imports
or increased power generation in neighbouring countries [262]. Also for other sectors,
Yang et al. [261] do not find any effects on increasing emissions in areas adjacent
to the pilot regions. Gao et al. [288] calculate production based and consumption
based emissions for the pilot regions. The study finds slightly larger emissions re-
ductions for production based emissions, but does not test whether the difference is

statistically significant.

The total effectiveness of the policy beyond the regulated facilities depends on the
relation of leaked emissions to the achieved emissions reductions. Evidence for Cal-
ifornia shows that the policy caused emissions increases outside the cap-and-trade
area, which outweigh the achieved emissions reductions within California [287]. In
the UK and RGGI states, the imported electricity had a lower emission intensity
than the replaced (mostly coal) electricity. For Japan, the evidence even suggests a
positive spill-over effect from the ETS policies in Tokyo and Saitama. Firms sub-
ject to one of the ETS policies are found to reduce their emissions not only in the
facilities within the regulated area, but also in facilities that are not subject to the

policy [289].

Conclusion: The emission leakage mechanism is found to play a role for some, but
not all, carbon pricing schemes. Evidence for leakage is found for the UK and RGGI
energy sectors and the Californian industry sector. The reviewed studies, however,
do not allow to identify which context factors would support or hinder leakage. In
particular, the case of the Chinese ETS pilots shows that proximity and economic
integration of regulated and non-regulated areas alone do not suffice as explanations.
It should be further studied which other context factors are relevant to trigger the
leakage mechanism and how policy designs may avoid negative consequences of leak-
age. Given that the studied leakage effects take place in a context of comparatively
low carbon price levels, further evaluation is needed to understand to what extent
higher carbon prices intensify the leakage mechanism, undermining global emissions

reductions.
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4.4.8 Hypothesis: The effectiveness of carbon prices is related to

their salience

The above mechanisms require firms and individuals to take action. It is hypoth-
esised that the likelihood of these being triggered is correlated with the salience of
the carbon price [176, 232, 303|. Prices for fossil fuels are commonly quite volatile,
such that the effectiveness of a carbon price is argued to depend on the degree with

which this price change is recognised by market participants [176, 232].

Evidence: Three lines of evidence can be interpreted to support this hypothesis.
First, the reaction to a carbon price significantly exceeds the response to other fuel
price changes. Evidence from British Columbia shows that for both the transport
[176, 231] and the buildings sector [177] the semi-elasticity of fuel demand is signif-

icantly higher for carbon price changes than for market price changes.

Second, the introduction of a carbon price is found to cause an introduction effect
unrelated to the size of the carbon price. This is based on a cross-country evaluation

of carbon prices introduced at various price levels [18].

Lastly, [291] and [290] show that firms with abundant emission allowances reduce
their emissions less than firms with a shortage of emissions allowances, even though
the opportunity cost of an emitted ton of carbon dioxide is the same for the purchase
or sale of an allowance. This evidence shows that the higher salience of the carbon
price for the purchase of an allowance causes larger emissions reductions than the

forgone opportunity to sell an allowance at the same price.

Conclusion: The evidence provides some indication that the effectiveness of carbon
pricing is related to their salience. Further research is needed to better understand
the relevance of this mechanism and potential implications for the communication

of the policy.

4.4.9 Hypothesis: Emission reductions depend on anticipated car-

bon prices

Any reaction to a carbon pricing policy is assumed to be dependent on the expec-

tations of future carbon prices [232, 277, 302]. This is particularly the case for

93



Chapter 4. Realist synthesis 4.4. Results

mechanisms that require long-term planning, such as investment or research and de-
velopment decisions [277]. If a carbon price generates expectations of permanently
increasing fuel prices, this will be accounted for in the decision making [232]. This
mechanism may, however, be reversed if firms expect to have an influence on the
future stringency of the policy, such that lower abatement efforts today would lead
to looser emission caps in future.

Evidence: There are two lines of evidence providing an indication of the relevance
of expectations for emissions reductions. Murray and Maniloff [229] and Petrick
and Wagner [240] find evidence for an emissions reduction effect already before the
policy was implemented, while Pretis [292] and Erutku and Hildebrand [232] find

lowered emission reduction efforts when expected tax increases did not materialise.

For both the EU ETS and the RGGI, the policy was announced respectively two and
three years before coming into force. This resulted in significant emissions reductions
in the affected sectors already before the carbon price was charged [229, 240]. Gao
et al. [288] and Cui et al. [269] test for the same effect for the Chinese ETS pilots
and do not find significant emissions reductions during the two years between the

announcement and the implementation of the policy.

Revoked carbon tax increases were found to decrease the achieved emissions reduc-
tions in British Columbia. The policy was scheduled to regularly increase the tax
rate by a fixed amount each year. This plan was revoked after the first four price
raises and the tax was held constant between 2012 and 2018. Pretis [292] and Erutku
and Hildebrand [232] find that the non-occurrence of the tax increase in 2012 coin-
cided with a decreasing effectiveness of the policy and a rebound of emissions in the

transport sector.

Conclusion: The limited evidence evaluated here, supports the hypothesis that car-
bon pricing effectiveness is related to the anticipation of future price levels. Further
research should be assessed to better understand the carbon price expectations of

different actors and how they interact with the mechanisms for emissions reductions.
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4.5 Discussion

Here we provide the first realist synthesis for rigorously understanding climate
change mitigation policies. With an application to carbon pricing policies, we show-
case the relevance of systematic assessments to understand what climate policies
work, under what conditions, and why. Carbon pricing is commonly applied across
sectors and praised for its flexibility to incentivise emissions reductions where and
by what means they are the easiest to achieve [165]. The multiple potential mech-
anisms at play spark heated debates on whether and how carbon pricing is able to
reduce emissions. In this realist synthesis we systematically track hypotheses on how
the policy works and comprehensively evaluate to what extent these are supported
by the available evidence. We synthesise 177 hypotheses from 80 carbon pricing
policy evaluations and identify nine main mechanisms how carbon pricing works
and a range of context factors, which make it more or less effective. We assess 293
pieces of empirical evidence to test the validity of each of the hypotheses across the
contextual variations from 21 policy schemes and four emissions sectors. We provide
a refined theory of the causal chains between the application of carbon prices and

the reduction of greenhouse gas emissions.

Meta-analyses have established that carbon pricing effectively reduces greenhouse
gas emissions, with varying and largely unexplained variations between schemes (see
Chapter 3 and [304]). How these emissions reductions come about has previously
not been systematically assessed. While most of the mechanisms assessed here have
been the subject of previous reviews, none has applied a systematic method for
the selection and synthesis of the reviewed studies. Previous reviews on carbon
pricing have covered fuel switching [305], low-carbon technology adoption [138-140],
investments [139, 305, 306], research and development [139, 140, 305, 306], reduced
production [138, 307], and leakage [308]), but do not attempt to systematically study

how these mechanisms unfold in varying country and sector contexts.

In Chapter 3, we show that carbon prices are generally effective in reducing green-
house gas emissions, but achieved emissions reductions vary substantially. This
provided the motivation to study the mechanisms that underlie emissions reduc-

tions and how these vary across heterogenous contexts. The evidence reviewed here
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suggests that emissions reductions are in the short-term achieved by a mix of fuel
switching, efficiency improvements, downscaling of some emission intensive activ-
ities, and leakage. The prevalence of each of these mechanisms is highly context
dependent and we identify a number of context factors preventing the mechanisms
to unfold. For other mechanisms the evidence is considerably thinner. The reviewed
evidence is particularly scarce to study to what extent carbon pricing has caused
a transition to low-carbon technologies, foster investments, or boost research and
development activities. This may partially be explained by the focus of the reviewed

studies on the immediate policy responses.

We also limit ourselves in this review to studying the mechanisms in isolation, while
in reality they should be assumed to interact extensively. These interactions need
to be studied further. We are also still at the beginning of identifying which context

factors influence the occurrence of each mechanism.

From the reviewed evidence, we gain limited insights on more gradual mechanisms
and the interaction of carbon pricing with other policies and external events. Quasi-
experimental study designs, contributing the largest part of the evidence reviewed
here, are well suited to study abrupt responses to an intervention, but provide fewer
insights in more gradual changes achieved over longer time periods. This likely
explains the focus of the reviewed evidence on more immediate mechanisms as com-
pared to mechanisms requiring more fundamental changes, e.g. in the development
and adoption of new technologies. These need to be studied further using other
lines of longer-term evidence. Further research is also required to study the rele-
vance of other policies or external shocks that may support or obstruct the effect of
carbon pricing. In a number of cases the introduction of a carbon pricing scheme,
for example, coincided with an economic recession (EU ETS, RGGI, and carbon
taxes in Sweden, Finland, and British Columbia) [176, 229, 240, 259, 260, 271] or
natural disaster (Tokyo and Saitama ETS) [301]. The reviewed studies provide lit-
tle evidence how these events have interfered with the carbon pricing mechanisms.
Similarly, there is a growing interest in the synergies and conflict between policy
instruments [9, 118, 309, 310], but our sample provides little insights in the inter-

action of carbon pricing with other policies. The theory generated here needs to be
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further refined taking into account the longer-term impact of carbon pricing as well

as its interaction with parallel events and policies.

Many of the evidence gaps identified here, could likely be filled by expanding the
amount of considered evidence and by more comprehensively integrating heteroge-
nous lines of evidence from qualitative studies, surveys, descriptive studies, etc.
The 80 studies reviewed here, provide a rich set of evidence on a range of context-
mechanism-outcome configurations, while others are not (sufficiently) studied. The
realist synthesis approach encourages to iteratively search and review evidence, iden-
tify new hypotheses arising during the synthesis, and test these by reviewing further
lines of evidence. Considering the massive amount of potentially relevant evidence,
indicated by the more than 4,000 carbon pricing policy evaluations identified in
Chapter 2, this may easily grow into an infinite review project. Realist synthesis
therefore challenges the reviewer to find the right balance between the comprehen-
siveness of the review and the feasibility of the project. Given the many unanswered
hypotheses that could be derived from the synthesis provided here, we find it diffi-
cult to conclude the project at this stage, but are positive about the contribution
this first realist synthesis can bring to enhance our understanding of carbon pricing.
The framework of contexts and mechanisms developed here may be used to further

refine the evidence-based theory by integrating further lines of evidence.

The realist synthesis could also be extended to study the relevance of the carbon
price level on each of the mechanisms. While it should be assumed that a higher
carbon price leads to increased emissions reduction efforts, it may influence different
mechanisms at different degrees. The studies reviewed here do not provide sufficient
evidence to study the effect of the carbon price level in detail. The theory developed
here could be linked with the concept of abatement costs [311-313] to study how
much abatement could be achieved via which mechanism at a given carbon price
level and context. It should however be noted that the majority of studies in our
sample assess carbon pricing schemes with average prices below US$ 30 during the
study period. With an increasing number of carbon pricing schemes with signifi-
cantly higher prices, the evidence base should be strengthened to assess how the

mechanisms unfold with higher carbon prices.
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With this realist synthesis we aim to pave the way for more configurative systematic
reviews in the field of climate policy evaluation. Yet, in this first realist synthesis
in the field we have not met all criteria for a gold-standard systematic review. In
particular, we have not developed a detailed protocol in advance of the review and
have not conducted a rigorous critical appraisal. While it is good practice for any
systematic review to develop and publish a protocol outlining all steps of the review
process to ensure a transparent and objective assessment of the evidence [23, 24], we
had to develop the review method applied here while conducting the review. The
adaptation of realist synthesis from other disciplines, left us with limited examples
of how this can be applied to the evaluation of climate policies, preventing us from
developing a sophisticated protocol early on. Similarly, we had no experience or
examples how critical appraisal can best be applied in a realist synthesis of climate
policy evaluations. The appraisal in realist synthesis should combine the assessment
of the relevance and rigour of the reviewed evidence, but there are no common tools
available, how this should be conducted [314]. We therefore evaluated the reliability

of the evidence without a pre-defined appraisal tool and report caveats as required.

Realist synthesis is a promising tool to facilitate evidence-based policymaking. It
provides nuanced insights to understand how and under what conditions a climate
policy measure works, forming a sound knowledge base to inform decision makers.
Here, we provide a starting point for understanding which mechanisms are triggered
by carbon pricing policies in different contexts. This should further be refined, in-
tegrating further lines of relevant evidence to derive a robust theory of how the
policy works. The assessment framework developed here can be adapted to assess
other climate policies and be extended to study further policy outcomes. Policy-
makers require a sound knowledge of how climate policies can achieve substantial
emissions reductions and how they affect other policy aims. We need to make the
best use of the available evidence to understand what climate policies work, under
what conditions, and why, to stand a chance of achieving emissions reductions at a

pace required to stay within the 1.5°C or 2°C warming limits [1].
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Discussion

In this thesis, I adopt three evidence synthesis methods and apply these to study
what the literature knows about carbon pricing policies. Here, I want to reflect what
can be learned from the three applications to answer the research questions set out
in the introduction (see section 1.4). The question what benefits evidence synthesis
methods bring to climate policy evaluation is discussed in section 5.1, followed by a
stocktake of remaining challenges for evidence synthesis to be more widely applied
for climate policy evaluation in section 5.2. Finally, in section 5.3, I reflect on how
evidence synthesis can benefit the research community, policymakers, and global

environmental assessments.

5.1 Benefits of evidence synthesis methods to evaluate

climate policies

One of the main motivations for this thesis was to assess, how well evidence synthesis
methods can be applied in the field of climate policy evaluations and what benefits
their application entails. Based on the three methods used for this thesis, I aim
to assess their value for researchers, policymakers, and environmental assessment
bodies. Remaining challenges are discussed in section 5.2. The discussion of the
benefits is structured by the three evidence synthesis methods applied in Chapters
2-4.
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5.1.1 Mapping provides an accessible repository to guide research

and policymaking

Evidence and gap mapping was invented in the field of international development as
a tool to make the best available evidence accessible to policymakers and to organise
research agendas around existing gaps in evidence [82, 86]. For policy-relevant re-
search findings to be picked up in policy-making processes, decision-makers need to
be guided to the best available studies on an upcoming policy question [87, 315-317].
If, instead, these studies are hidden in large piles of irrelevant studies and search
engines provide no purpose specific filters, valuable research findings are at high risk
to be overlooked in policy-making [86]. Equally, for researchers, research commis-
sioners, and science assessment bodies a structured overview of a research field can
be helpful to scope the literature, ensuring that the research question, set out for
a commencing project, is filling a research gap or retrieving relevant research to be
synthesised [82, 86]. This reduces inefficiencies from duplicated efforts in searching
and screening the same literature across project teams and allows for a transparent
assessment of the research priorities [86]. Chapter 2 builds on the mapping expe-
rience in international development and adopts the method to the field of climate

policy evaluations.

Policy-relevant research should be structured along the lines of the policy instru-
ments and outcomes to provide policymakers a comprehensive overview of the policy
options at hand [9, 26, 86, 140, 318]. In Chapter 2, we therefore develop a typology
of policy outcomes, synthesising the typologies of the IPCC [9] with other outcome
typologies [140, 150-153], capturing 14 categories of policy outcomes. Additionally
we capture the policy scheme, containing information on the implementing jurisdic-
tion and the policy design, as well as the emission sector and method used for policy

evaluation.

In comparison with previous maps of climate change literature, this results in a
higher level of detail captured for each study, but a narrower focus on ex-post evalu-
ations of only one policy instrument. Besides a very large map of the entire climate
change literature clustered by machine learning [14], there are two climate policy

maps available for mitigation [15] and adaptation [109]. Both policy maps cluster
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the evidence by categories of policy measures and provide a broad methodological
distinction between ex-post and ex-ante studies. We here apply a more fine-grained
categorisation of methods and policy schemes and add the crucial dimension of la-
belling policy outcomes. By only listing ex-post carbon pricing studies, we reduce
the amount of captured literature, in comparison with the map of all climate change

mitigation policies [14] to about 5%.

To provide the best usefulness for policymakers and researchers, the fine-grained
clustering, applied in Chapter 2, should be extended to the entire body of 80,000
climate policy studies, identified by Callaghan et al. [15]. The typologies of policy
outcomes and methods, developed in Chapter 2, are meant to be transferable to
research on other climate policies. Extensions would be required to capture ex-
ante methods and better distinguish qualitative research methods. The typology
on policy outcomes may require small adjustments or additional categories to be

transferable to other policy instruments, but should generally be applicable.

Comparing the evidence and gap map compiled for this thesis, instead, with the
common practice in international development research (for an overview of evidence
and gap maps, see [131]), we extract less information from the listed studies and do
not apply a critical appraisal. Evidence and gap maps commonly provide summaries
and critical appraisal of the systematic reviews captured by the map [86, 131].
With the expected rise of systematic reviews in the field of carbon pricing policy
evaluations, this would be a valuable extension of the provided map and may be

added to the interactive online repository with the first update of the living map.

Another noteworthy deviation from the evidence and gap mapping practices in other
research fields is the limitation of the data collection to the titles and abstracts of
the articles, instead off accessing the full texts of the studies. This is not commonly
advised in the mapping guidelines [26, 86, 130]. I here instead follow the practice
of previous large-scale maps in climate research [14, 15, 109, 319, 320], who map
studies based on the information in the titles and abstracts. This is explained by
the constraint time resources and by the potential to automate this process. Not
only that the time which would have been required to label more than 4,000 studies

at full text, would have exceeded the time I had available for this thesis, but also
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the climate research community has constraint time to map out tens of thousands
of studies. Secondly, previous mapping studies have argued that the automation of
the mapping task is easier with the more condensed information provided in titles
and abstracts [88, 90, 319, 320]. This supports our attempt to automatically update

the map.

The decision to code data only from the titles and abstracts marks a relevant trade-
off that needs to be considered in future mapping studies. It was previously dis-
cussed, whether evidence and gap maps should aim for the same comprehensiveness
in searching for evidence as other synthesis methods, and suggested that a more
“rapid” approach to searching was justified by the aim of the method to provide an
overview of the available evidence in a reasonable amount of time [86]. I would build
on this argument to propose that mapping out the evidence in a large and growing
research area could allow to weigh the time required high enough to sacrifice on the
detail of the information that may be captured. Considering that the evidence and
gap map will often not be the only source of information for any user, may allow for
a reduced accuracy. This, however, certainly comes with the drawback that some
information from a number of studies may be missed [321, 322]. Here, we particu-
larly noted that qualitative research methods are less clearly identifiable from the
abstracts than quantitative methods, as qualitative studies often do not mention a

method in the abstract.

Both researchers and policymakers should generally have access to the most recent
evidence. Providing a static repository of evidence would soon be outdated and
diminish its usefulness. The map compiled here is one of the first attempts in
climate research to provide a living evidence base. Fully automated updates of the
evidence and gap map would be able to identify at least three quarters of newly
published relevant studies and add them to the map. The precision and recall for
these predictions may be adjusted based on the use case. As a researcher, I would
certainly prefer the machine to include a few hundred falsely added irrelevant studies
instead of missing some relevant ones (lower precision, high recall). A policymaker
instead may have limited time to deal with many irrelevant studies and would tend

to accept missing a few more relevant studies (higher precision, lower recall).
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The usefulness of the here compiled map for the use in systematic review projects is
currently tested by a number of researchers. Currently, it is used to plan and conduct
systematic reviews on the carbon intensity outcome and the cost effectiveness of the
policy. The map informed the review teams that comprehensive evidence is available
for both research topics. It is further used as an initial set of potentially relevant
studies for screening and to inform the development of search queries for these
projects. Also other review authors, who started their reviews by standard searches
of bibliometric databases, use the map as an additional source of studies and to
evaluate the scope of studies identified via the searches. This is currently used for

systematic reviews on the innovation and leakage outcomes [323, 324].

A reasonable judgement about the value of the evidence and gap map for policy-
makers, research funders, assessment bodies and future primary research can only
be gained with time. So far, the map was not shared with policymakers, funders,
or assessment bodies. Whether the literature overview is presented in a helpful way
for all these user groups remains to be seen. In section 5.3.2, I sketch a vision
how evidence maps can facilitate the work of assessment bodies like the IPCC. The
map is also meant to guide future primary research towards closing research gaps.
Whether researchers and research commissioners use the map to identify gaps is not

yet evident.

5.1.2 Meta-analysis provides first rigorous assessment of carbon

pricing effectiveness

The systematic review in Chapter 3 synthesises quantitative evidence on the ef-
fectiveness of carbon pricing. This mainly promotes research progress for global
environmental assessments and the research community, while the benefits for pol-
icymaking are secondary. For the study we collect and review the evidence from
21 carbon pricing schemes to answer the question: Is this policy measure effective?
And, if so, how large emissions reductions does it achieve? The review takes a very
global perspective, providing limited guidance for policymakers whether and how

the policy could also work in their local context.
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In terms of research progress, I need to compare the systematic review with a long
list of reviews conducted on the topic. A number of reviews studies the effectiveness
of carbon pricing. Most of these assess the emission reduction effect among a longer
list of policy outcomes [138-140, 241, 305, 306, 308, 325]. Haites [184], Rafaty et
al. [18], and Green [137] have previously reviewed the carbon pricing studies with
a specific focus on the emissions reduction effect. These reviews, however, do not
use a clear methodology for synthesising the evidence and do not cover the relevant
literature comprehensively. A more rigorous review of the effectiveness, comparable
to the systematic review, conducted in Chapter 3, was published shortly after the

publication of the review conducted here [304].

Reviews should be clear in what research question they aim to study and compre-
hensively search for all relevant literature to answer this research question. Studying
several policy outcomes in the same review, drastically increases the required work-
load, if all aspects are to be rigorously reviewed. In previous literature reviews on
multiple carbon pricing outcomes, the broader range of reviewed outcomes is instead
traded-off against the comprehensiveness of the reviewed literature on each policy
outcome. For some of the early reviews on specific carbon pricing schemes [306,
308] comprehensiveness might still be feasible, but more recent reviews, studying
multiple outcomes of dozens of carbon pricing schemes, are certainly overburdened
by the amount of available literature that should be relevant to answer their review
questions across outcome dimensions [138, 140, 241, 325]. This is clearly shown by

the large amounts of carbon pricing evaluations identified in Chapter 2.

None of the previous reviews uses systematic searches to identify the relevant litera-
ture and it is usually unclear, whether a study, not mentioned in the review, was not
found or explicitly excluded by the authors. A number of reviews, at least, report on
the search terms and bibliometric databases used for searching [137, 139, 140, 241,
305, 308]. These searches commonly use very restrictive search terms [140, 305] and
are conducted via Google Scholar rather than bibliometric databases with advanced
search functions [137, 139, 241, 305]. A comparison of the list of studies identified
for the systematic review, conducted in Chapter 3, with the most comparable review

(same research question, recently published) by Green [137] reveals that the cited
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review misses at least 30 studies published at the time of the review. The missed
studies include 20 evaluations of the Chinese ETS pilots, introducing a considerable
bias towards European and North American carbon pricing schemes. Other reviews
do not explain their method for searching and selecting the literature covered in
their review [18, 138, 184, 306, 325]. They likely follow no systematic approach
for searching the literature and have no explicitly defined criteria to decide what

primary study is or is not relevant for the review.

Previous reviews do not set out, how evidence is extracted, harmonised, and ap-
praised. The reviews also do not consider whether publication bias skews the re-
viewed study findings. The way primary evidence is reported in traditional literature
reviews usually depends on how it is presented in the primary studies rather than
the reviewer defining what evidence is best suited to answer the review question.
This results in a large focus on main findings and often does not allow to systemati-
cally compare findings across studies, if they are reported in different metrics. None
of the previous reviews systematically appraises the primary evidence. A rigorous
assessment of the study designs allows to differentiate how reliable a given research
finding is. The best assessment of study designs, used for the evaluation of carbon
pricing, is provided by Vrolijk and Sato [241], but this does not feed into the review
of the effect sizes. Chapter 3 shows that 46% of the carbon pricing effectiveness
studies have medium or high risk of bias in their study design. Publication bias
is also shown to have a significant influence on the available evidence and we need
to assume that insignificant study findings are systematically missing in published
research. This can only be identified using meta-analytic methods, not attempted
by previous reviews. Here, we are able to control for risks of bias in primary studies

and biases arising from missing insignificant studies.

Literature reviews commonly conclude that carbon pricing effectively reduces emis-
sions, without providing a clear estimate how large the emissions reductions are [139,
140, 184, 325]. Some reviews focussing on the EU ETS, provide rough ranges of the
emissions reduction effect achieved by the scheme [305, 306, 308]. A quantitative
summary of the effect sizes across policy schemes is only provided by Green [137],

who summarises the estimated emissions effect as a range of annual reductions of be-
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tween zero and two percent. As the review provides no synthesis methodology, I am
unable to replicate these numbers. From the systematic review, performed in Chap-
ter 3, I know that reduction effects are commonly reported as average treatment
effects and a transformation of these effects into annual growth rates, as attempted
by Green [137], is non-trivial. Green’s numeric summary of the findings can therefore

not be verified.

The IPCC in its most recent assessment report [9] builds on a number of the above
reviewed literature reviews as well as a few additional primary studies and concludes
that “[t]here is abundant evidence that carbon pricing policies reduce emissions.”
Based on three primary studies, it quantifies the emissions reduction effect for the
EU ETS to be “at 3-25%” [9]. No other quantification of the effectiveness of any
other scheme is provided, leaving the achieved reduction effects of more than 70
carbon pricing schemes unaddressed. The meta-analysis, provided in this thesis,
would have allowed the IPCC for a more in-depth assessment of the heterogeneous
emissions reduction effects achieved by carbon pricing schemes implemented around
the world, adding evidence for 20 additional carbon pricing schemes and reducing
the uncertainty of the estimate provided for the EU ETS to between -4.0 and -10.5%

(95% confidence interval).

The systematic review performed here not only adds new knowledge in quantify-
ing the effects across 21 carbon pricing schemes, it also provides a more robust
account of the available evidence on carbon pricing induced emissions reductions
than any previous review. The comprehensive search of the literature more than
doubles the amount of considered primary studies as compared to the previously
most comprehensive effectiveness review [137] and reduces the bias towards Euro-
pean and North American policies by uncovering 35 research articles on Chinese
carbon pricing policies. By systematically extracting, harmonising, and appraising
primary research findings, we provide a traceable account and rigorous assessment
of the available evidence. Our transformation of effect sizes to percentage changes
in emissions makes the estimates comparable across studies. We report considerable
risk of bias and publication bias in the reviewed literature that needs to be accounted

for in any assessment of the research findings. Our assessment of the heterogeneity
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in effect sizes does not provide any easy answers to explain the varying effectiveness
across schemes, but remains as an open research question to be addressed by further

research (including the realist synthesis performed in Chapter 4).

Shortly after the systematic review presented in Chapter 3 was published, a com-
plementary systematic review on the effectiveness of carbon pricing policies was
published by Ahmad et al. [304]. While the main finding of their review, that
carbon pricing effectively reduces emissions, agrees with the findings presented in
Chapter 3, they highlight a difference in the effectiveness of carbon taxes and cap-
and-trade schemes, not found in the meta-analysis presented here. Ahmad et al.
[304] identify 81 relevant studies, with significant but not complete overlap with the
80 studies collected in Chapter 3. Their finding of differences in the effectiveness of
taxes and trading schemes results from a comparison of means and is not supported
by our meta-regression results including control variables. As the authors do not
publish their data and have not responded to my inquiry, I am unable to investigate
the difference in our findings more comprehensively. The two reviews further differ
in that Ahmad et al. [304] transform collected effect sizes into correlation coeffi-
cients, not allowing for an easy interpretation of their findings, and do not report
scheme-wise effects. Their review nicely complements the meta-analysis conducted
here. Disagreements of our findings should be investigated to further enhance our

understanding of the effectiveness of carbon pricing.

The significant advantages of systematic reviews for research progress and IPCC
assessments do not directly translate into comparable advantages for policymak-
ing. The systematic review, conducted in Chapter 3, addresses a narrow research
question, evaluated against the experience from across countries and contexts. For
some policy questions a rigorous primary study on a given policy implementation
in its specific country context may be more insightful than a global review on the
same question. Primary studies in addition often provide detailed insights into
country-specific mechanisms and context factors, examine scheme-specific policy de-
sign features, or suggest policy amendments based on supplementary evaluations.

Our meta-analysis, instead, only shows the effectiveness of carbon pricing and a,
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so far, unexplained heterogeneity across the schemes. Conclusions for policymaking

remain abstract.

The relevance of the review findings for policymaking would significantly increase,
if they would be complemented with further insights on other policies and out-
comes and with information on why some policy schemes are more effective than
others. If a policymaker needs to decide what climate policy to choose, comprehen-
sive information on its effects on distributional outcomes, employment, economic
competitiveness, innovation effects, leakage, etc. would be required in addition to
the mere emissions reduction effect. While traditional literature reviews often cover
more than one outcome within one review [140, 305, 306, 308, 325], the more rigorous
collection and synthesis of systematic reviews puts limits to what can be achieved
within a single review. Findings should also be comparable with similar information
on alternative policy options. I do not provide any meaningful comparisons of the
effects found for carbon pricing, as I am not aware of any other systematic review on
the effectiveness of other climate policies. A comprehensive assessment of climate
policy options therefore requires large numbers of systematic reviews across the full

range of policies and outcomes.

5.1.3 Realist synthesis leads the way towards an evidence-based
theory of how and under what conditions carbon pricing

works

The realist synthesis, conducted in Chapter 4, is meant to overcome some of the
shortcomings of the aggregative meta-analysis, making it more informative for pol-
icymaking. The configurative approach to synthesise the evidence, searching for
explanations how and why carbon pricing is or is not effective, aims to answer some
of the questions, policymakers would certainly come across when considering what
policy to implement in their jurisdiction. The assessment of the mechanisms trig-
gered by the policy in different contextual settings allows to assume, how the same
mechanism would unfold, if the policy is implemented in a different context. It also
allows to gain an idea, how different actors and societal groups may be affected by

the policy measure.
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The realist synthesis conducted here aims to derive an evidence-based theory of
how and under what conditions carbon pricing works, but the evidence for some
of the context-mechanism-outcome configurations is yet rather thin. The review of
80 ex-post policy evaluations provides a considerable amount of relevant evidence,
but this is spread across nine hypothesised mechanisms and various country and
sector contexts. Some of the hypotheses of how carbon pricing works, can be tested
only against very few primary studies. None of the mechanisms can be evaluated in
each possible context setting, leaving a number of relevant research gaps, and only
few context-mechanism-outcome configurations can be validated across a number of

complementary research findings.

Some of the mechanisms reviewed in the realist synthesis were reviewed before,
but the synthesis presented here is the first to attempt to organise these into a
coherent set of mechanisms leading to emissions reductions. Previous reviews have
reviewed evidence on fuel switching [305], low-carbon technology adoption [138-140],
investments [139, 305, 306], research and development [139, 140, 305, 306], reduced
production [138, 307], and leakage [308]. The evidence is, however, not systemati-
cally used to generate theory on the causal chain from the policy implementation to
emissions reductions. The realist synthesis approach used here helps to structure all
these pieces of evidence into a coherent whole. It also systematically studies each

mechanism in varying contexts.

Moving towards evaluations of what it is about a policy that does or does not work,
appears to be particularly useful in the case of carbon pricing policies. Views among
scientists towards carbon pricing vary considerably [326], to the extent that they are
often perceived to be divided into camps of supporters [164, 165] and opponents [169,
171, 172]. T would argue that the opposing views are not all too far apart, but that
the one side focuses largely on the upsides and the other side on the downsides of
the policy. Using the available empirical evidence to construct an evidence-based
theory of the causal mechanisms, potential barriers, and enabling factors, could form
a basis for more nuanced scientific discussions on the specific mechanisms that may
or may not work in a specific setting. The findings on a given mechanism may also

be used to assess to what extent a different climate policy may be able to achieve
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comparable or better outcomes. Such mechanism-by-mechanism evaluations may
also aid the discourse of how policies should best be combined in policy mixes to

achieve optimal outcomes.

The presented findings from the realist synthesis are more tangible for policymaking
processes, but should be treated with caution. A drawback of the meta-analysis, as
stated above, is its narrow answer to a narrow research question. The realist synthe-
sis instead presents multifaceted insights into how carbon pricing works. It is very
appealing to use these findings to inform policymaking, but due to the lower amount
of considered evidence for each hypothesis, the findings should be considered more
preliminary than those derived by the meta-analysis. To increase the robustness of
the findings, they need to be further supported with more evidence. For some of
the hypotheses, this might be done using an aggregative research method such as a
meta-analysis, while for others a configurative method is more suitable, depending
on the available evidence. This would also make the findings more reliable to inform

policymakers and be used in IPCC assessments.

Realist syntheses vary widely in their comprehensiveness and rigour. The potential
of the method to iteratively derive and test hypotheses, reviewing many lines of
evidence, leads some research projects to grow very large [59, 60]. Other attempts
are more comparable in their scope to the synthesis provided in Chapter 4, limiting
the review to a single set of studies identified through one search [129, 327, 328|.
We are also not the first to conduct a realist synthesis as a complement to a more
aggregative systematic review, sharing the same set of primary studies [329, 330].
Others have, instead of conducting a full realist synthesis, provided sketches how a
realist synthesis could be applied in their research area [244, 331, 332]. Compared
to these, we go a step further, by providing a full case study of the method applied
to carbon pricing policy evaluations. Still, the rigour of our realist synthesis could
be improved by critically appraising the reviewed studies, as commonly performed

in other applications of the method [59, 127, 128, 329].

The large bandwidth of how realist synthesis is applied in other research fields and
the absence such studies in climate policy evaluation, leaves me without a clear

guidance to follow. Instead, I directly refer to methodological guidelines [6, 28,
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248, 333]. The examples, provided in the methodological literature, are only to a
limited extent transferable to climate policy evaluations. The large flexibility in
the realist synthesis approach, to be adaptable to heterogenous evidence sources,
requires particular care to ensure a high quality of the review. The realist synthesis
conducted here, should therefore be seen as an early attempt of this method in the
field. More methods work is required to develop tangible guidance for relist synthesis
for climate policy evaluations. The same is probably true for configurative reviews
in general, which are even more rare in this field than meta-analyses. If no standards
are developed, there is a risk that the line between systematic and non-systematic
reviews will be too blurry and the established tradition of reviews without clear

methods will persist.

5.2 Challenges in the application of evidence synthesis

methods

Evidence synthesis is not yet widely applied in the evaluation of climate policies. 1
want to exploit the experience gathered in this thesis, from the application of three
evidence synthesis methods to the field of climate policy evaluation, to identify chal-
lenges on the way to mainstreaming evidence synthesis practices in this research field.
These challenges range from structural challenges in adjusting research practices and
applying new approaches to methodological challenges arising from the adoption of

research methods from other disciplines to fit the needs of climate policy evaluation.

5.2.1 Large and growing evidence base

This thesis together with previous assessments of the climate change literature re-
veal a fundamental evidence synthesis gap within a rapidly growing research field,
pointing towards an overwhelming amount of research work required to get on top
of all the urgently needed policy insights. Previous studies have shown that cli-
mate change research is characterised by an exponential growth in published study
findings [14, 15, 320]. Chapter 2 finds that climate policy evaluations are rarely syn-
thesised in systematic reviews or meta-analyses. Within more than 4,000 ex-post

carbon pricing studies only a single systematic review is found (with a handful of
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additional systematic reviews being published after the cut-off date for the map). A
similar evidence synthesis gap appears to be present in the broader climate policy
literature, when exploring the data by Callaghan et al. [15] (with the search terms

“systematic review” and “meta-analysis” returning 150 and 99 articles).

The large and growing evidence base not only poses the challenge where to start
with synthesising this valuable evidence, but also how to make the evidence syn-
thesis methods fit for purpose to synthesise large amounts of evidence with limited
resources. Evidence syntheses are labour intensive research projects, requiring a lot
of work for searching and screening the literature, for extracting information and
appraising the study quality, before the synthesis can be conducted. This lengthy
process often results in systematic reviews being outdated already on the day of
their publication [99] — a challenge certainly relevant for the rapidly growing area of

climate policy research.

To tackle this challenge, evidence syntheses need to make best use of artificial in-
telligence [90, 334, 335]. In particular, natural language processing has made great
progress over the past few years [145, 163, 336, 337]. As evidence synthesis in large
parts is a task of identifying, classifying, and extracting information from texts, nat-
ural language processing tools hold a great potential to assist human reviewers with
these tasks [88, 90, 92, 335]. In this thesis, I made use of some novel methods for
screening and labelling data. During the screening for all three syntheses conducted
here, I used machine-learning to predict the relevance of unseen documents, based
on the inclusion decisions of the manually screened documents [91, 92, 143]. This
allowed to screen documents in the order of their predicted relevance and to stop
screening before all documents were seen. In Chapter 2, we also tested how well the
evidence and gap map can be updated using machine-learning tools, to facilitate
regular updates. Other steps of the review or mapping process could not yet be

automated at reasonable levels of reliability [88, 338].

Systematic reviews, to date, have not been automated to the same level as evidence
maps [88]. The in-depth assessment of the primary research requires a rigorous
extraction of detailed information on the studied population, intervention, outcome,

study design, and measured effect size, together with a critical appraisal [23, 24,
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339, 340]. Data extraction tools for these tasks are starting to be developed [335,
341, 342], but their application is yet mainly focussed on the eligibility screening and
extraction of broader types of information from the abstracts of studies [88]. Future
developments of automated methods to reliably extract more types of information
from the primary studies, could significantly lower the manual workloads and speed

up the process of systematic reviews [335, 338].

Even where machine-learning tools are available, this does not replace all the man-
ual work. As one of the first applications in evidence synthesis, I not only utilised
machine-learning to sort literature based on their predicted relevance, but also ap-
plied a statistical stopping criterion to evaluate how many of the predicted most
likely relevant documents I need to screen before it is safe to stop [144, 343-345].
With currently available methods for prioritisation and stopping, applied on large
sets of literature, this still leaves a lot of screening work to human coders. In the
screening for Chapter 3 and 4, 4,302 titles and abstracts had to be screened, to find
80 actually relevant studies, before reaching 90% certainty that at least 90% of rele-
vant studies have been identified (based on the stopping criterion by Callaghan and
Miiller-Hansen [144]). For the mapping in Chapter 2, we stopped screening after
4,054 relevant and 6,061 irrelevant documents had been seen, being 95% confident
that we have found at least 90% of the relevant documents (based on the stopping

criterion by Callaghan and Miiller-Hansen [147]).

The research community will be required to evaluate a number of trade-offs posed by
the large amounts of evidence requiring synthesis. While we should aim for rigour
and speed at the same time, there are trade-offs between accuracy and time [91].
Stopping criteria in screening processes make this trade-off very transparent. Can
we accept recalls of 80%, 90%, 95%, if this allows for substantial time savings? Sim-
ilar trade-offs have always been part of evidence synthesis, mainly in the literature
search. The breadth of the search query, the number of bibliomentric databases, the
efforts to trace grey literature, etc. are equally decisive factors to determine how
much of the relevant literature we will identify [86, 91]. Similar trade-offs between
accuracy and time characterise the mapping approach applied in Chapter 2. We

chose to collect information only from abstracts, allowing to capture large amounts
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of literature in less time, at the risk of missing some information that would only
be provided in the full text [90, 321, 322]. Scaling evidence synthesis methods in
climate research in a reasonable time, will require a sound balance between accuracy

and speed that keeps up with the necessary rigour without loosing too much time.

The rapid growth in the literature can further be tackled by the application of
living evidence syntheses, to avoid the syntheses being outdated shortly after their
completion. In Chapter 2, we tested how literature maps can be regularly updated
using machine-learning tools to create a living repository of the relevant literature.
The systematic reviews conducted for this thesis, on the other hand, are static
assessments of the evidence at the time of the synthesis. While regular updates
would fundamentally increase the value of any evidence synthesis in a time of rapid
growth in evidence, research practices, to date, are not favourable for living evidence.
PhD theses are a very good example of prevalent research conditions not being
aligned with long-term commitments of regularly updating a synthesis for many
years. Frequent updates of the syntheses are easier to achieve, the less manual
inputs are required. But as a full automation of evidence syntheses is not in sight,

challenges with living evidence will remain.

Besides the technological advancements needed to close the evidence synthesis gap
of climate policy evaluations, there is also an essential need to grow the community
of researchers conducting evidence synthesis on climate policies. With the commenc-
ing seventh assessment cycle of the IPCC, it is just the right time for more wide
spread synthesis activities in climate and there is some indication that the research
community is moving in that direction [108, 346]. In section 5.3.3 below, I sketch
how an uptake of evidence syntheses practices could be organised to deliver the best

benefits.

5.2.2 Lack of established practice for evidence synthesis in climate

research

The novelty of evidence synthesis in climate research necessarily comes with a lack of
established practices. While sophisticated methods are available form other research

fields, the experience from this thesis shows that the concepts need to be adapted
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for their application to climate research questions. Such methods refinement is
an exciting task to work on, but also comes with additional workload and higher
responsibility for the involved researchers. Established standards in the form of
review guidelines or, at least, common practices, existing frameworks, and reusable
resources, would allow to focus more dedicatedly on the research topic, while the
methods would be guided by established concepts. Without such common practices
researchers are required to develop and test their methods to ensure an objective

assessment of the synthesised evidence.

Across the three syntheses conducted here, I notice an absence of standards from
the development of protocols and search queries, all the way to the reporting and
publishing of the findings. The established standard of pre-registering evidence
syntheses and publishing research protocols, present in other research areas [23, 24],
is non-existent in climate policy evaluation. For this thesis, I developed two protocols
[135, 188], uploaded to an open data repository, which will likely never be read.
There are no standards established yet where and how to search for evidence. A lack
of standardised vocabulary and thesaurus impede efficient and effective literature
searches [347, 348]. Frameworks and typologies for methods, policies, outcomes,
contexts, mechanisms, etc. are not yet regularly available. In Chapter 2, I develop
and synthesise typologies of methods and policy outcomes that may form a starting
point for more established classification systems. These would help to define and

justify eligibility criteria and categorisations in systematic assessments of evidence.

More specific examples of missing guidelines become apparent from the meta-analysis
conducted in Chapter 3. Differing disciplinary views complicated the choice of the
best method for the averaging of effect sizes [40, 41] and a lack of benchmark studies
left us without guidance on how to best harmonise the reported effects or which
risk of bias tool to apply in the critical appraisal. The choice in favour of a random
effects instead of a fixed effects model for averaging effect sizes (which alleviates
the assumption of a convergence to a common effect size mean) [23, 41] resulted in
difficulties of applying state of the art publication bias assessments, as advocated
by econometricians [40, 349]. For the harmonisation of effect sizes, we decided for

an interpretable representation as percentage emission change, instead of the more
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commonly used correlation coefficients [41], assuming that easily interpretable find-
ings increase the usefulness of the review for policymakers and the general public.
In the selection of a risk of bias tool, we decided for a simplified version of existing
tools [132, 350], due to limited prior information what types of studies we would
expect to identify in our review. In hindsight, we might as well have used an existing
tool for quasi-experimental studies [133, 351], as these make up the largest part of

the reviewed evidence.

These and other methodological decisions taken for the evidence syntheses, presented
in this thesis, may be challenged. The provided syntheses may still contribute to
paving the way towards establishing common practices for synthesising evidence
from climate policy assessments. In the meantime the reference to guidelines from
other research fields [24, 26, 86, 132] and other early syntheses of climate change
research (summarised in section 1.2.3) are helpful resources to build on. The ex-
change with other researchers working on related projects, has revealed to me the
great value of exchanging resources in this early stage of methods development, to

avoid that each synthesis project starts from scratch.

5.2.3 Comparability of policies across countries

Evidence synthesis may bring a great benefit in learning from climate policy experi-
ence across countries, but should not ignore that policy designs and country contexts
differ significantly. Any synthesis needs to thoroughly reflect upon which policies to

include and how these can be compared.

There is no universal categorisation of which policies are comparable. In this thesis,
I synthesise evidence on carbon taxes and cap-and-trade policies, but exclude other
taxation instruments, offset-trading, and many other instruments sharing some sim-
ilarity with the reviewed policies. Similar ambiguity will be present for regulatory
instruments, subsidies, bans, or whichever policy instrument one may want to study.
This may be further complicated as two climate policies implemented in two jurisdic-
tions may differ in many aspects of their policy design, what emissions and sectors
they are applied to, what supplementary policies may already exist, etc. Reviewers

are tasked to take a conscious decision which policies should be compared within a
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review and which ones should be excluded. In the case of carbon pricing, we took
advantage of an established list of policies compiled by the World Bank [29], which

we used to define which policies we include in our syntheses.

Even after defining a consistent line between inclusion and exclusion, heterogene-
ity in policy instruments persists. The synthesis method needs to carefully balance
between aggregating the evidence to condense knowledge while appreciating the het-
erogeneity of the studied instruments and contexts. Synthesised evidence needs to
reduce the complexity contained in the reviewed primary studies to provide a mean-
ingful overview of their study findings. At the same time, researchers should avoid
the risk to overlook important nuance by equalising the evidence across heteroge-

neous environments.

In this thesis, I, therefore, present all evidence aggregated to the scheme level. The
main finding of the meta-analysis, conducted in Chapter 3, could alternatively have
been reduced to presenting the average emissions reduction effect across all reviewed
schemes. Instead, I chose to emphasise the range of the emissions reductions by
scheme (see Figure 3.2), which highlights a significant — and so far insufficiently
understood — heterogeneity in the effectiveness of the schemes. Similarly, the realist
synthesis in Chapter 4 evaluates all evidence with respect to the scheme it was
derived for. The quantitative heterogeneity assessment provided in section 3.3.4
underscores that the scheme is so far the best explanatory factor of the heterogeneity
in effects. Still, both systematic reviews assume enough similarity between the

studied policies to merit a synthesis of the findings.

Future evidence syntheses of climate policies are advised to make use of the wide
range of methodological options to balance between the aggregation of knowledge
and an appreciation of heterogeneities between policies and contexts. First, it is im-
portant to clearly define which policies to include in a systematic review and which
to leave out. Second, the range of synthesis approaches allows to capture both,
similarities and heterogeneity in the reviewed evidence. Synthesis methods such as
meta-regression and realist synthesis prove particularly useful to study the hetero-
geneity. These and other configurative research methods should be further exploited

to provide a nuanced understanding of climate policies. And even aggregative re-
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search approaches, like meta-analysis, provide the flexibility to present synthesised
evidence at lower levels of aggregation instead of aggregating all evidence to a single

average effect.

5.2.4 Identification challenges in primary studies transmit to syn-

thesis

Evidence synthesis needs to reflect upon the reliability of the primary evidence [23,
24, 130]. While this is the case for any synthesis project, synthesising the evidence
from policy evaluations, needs to take into account the identification problems spe-
cific to the non-experimental data assessed in primary studies. Policy evaluations
are not conducted in laboratories and therefore need to overcome the challenges in

the identification of causal effects in real-world data [352, 353].

Policy evaluations need to work with the data available to them (provided in data
repositories or collected by the authors). Among the policy evaluations, collected for
Chapter 3 and 4, 67% use macro level data on the emissions of a country, region, or
sector. Issues with the causal inference from macro level data are well documented.
A prominent example from economics is the causal inference to explain the drivers
of the gross domestic product [354, 355]. The large number of potential drivers
of economic growth challenges the identification of single causal factors [354, 356,
357]. Climate researchers identify an equally long list of factors driving greenhouse
gas emissions [358-362], which need to be considered in any attempt to identify the

causal effect of a specific factor or policy.

The causal inference of the effect of a given policy on another variable, like emissions,
is greatly supported by quasi-experimental study designs, studying variables across
time and across study objects, affected and unaffected of the policy, in addition to
controlling for other confounding factors [353, 363-366]. Still, these studies need to
carefully address the challenges resulting from the non-random policy application
and from unobserved differences between the treatment and control group [367, 368].
In addition, there are often multiple policies introduced at around the same time,

complicating the separation of the effects of each of the policies [16, 243].
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Systematic reviews were introduced to reduce the reliance on single research findings
and to systematically compare findings across studies [30, 369, 370]. Synthesising the
evidence across many primary studies, tests the consistency of the included research

findings and provides a more robust assessment of the studied effects [41, 371].

Critical appraisal of the study designs of each primary study further allows to iden-
tify potential biases resulting from the identification challenges listed above [132,
350, 351]. Critical appraisal systematically assesses to what extent a given study is
subject to the common sources of bias. For a quasi-experimental study this includes
questions on the measurement of the treatment and the outcome, potential endo-
geneity, the selection of the control group, uncontrolled confounding factors, and the

statistical method used [133].

The critical appraisal conducted in Chapter 3 reveals that 46% of the reviewed
studies have a medium or high risk of bias, underlining the identification challenges
in climate policy evaluations. In particular, the biased studies use non-representative
data, struggle to identify control groups with sufficient similarities to the treated
study objects, or are confounded by other policy changes happening around the

same time.

Systematic reviews can help to gain a robust understanding of climate policies, de-
spite the present identification challenges. Appraising and synthesising the evidence
across studies, shows what we can confidently say about a policy and where uncer-
tainties remain. Using multiple lines of evidence further helps to overcome challenges
present in specific study designs. We should exploit the potentials of the entire ar-
ray of aggregative and configurative systematic review methods. Meta-analyses can
combine, appraise, and systematically compare the evidence on the causal effect of
a policy on its outcomes. Configurative approaches, like realist synthesis, can bring
in further lines of evidence, where quantitative policy evaluations fail to establish
the causality between policy and outcome. This thesis provides an early attempt
to combine these methods for climate policy learning that should be further refined
to exploit the full potential of all the valuable evidence by overcoming some of the

challenges present in single studies.
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Identification challenges in the evaluation of real-world climate policies need to be
considered, both, in primary research and in evidence syntheses. Caveats in pri-
mary and secondary research need to be discussed and made transparent to achieve
continuos and collaborative learning. I openly share the relevant data of this thesis
to allow other researchers to challenge and refine how methods are applied in the

evidence syntheses conducted here.

5.3 How evidence synthesis can enhance climate policy

evaluation for IPCC assessments

Based on the experience gathered throughout this thesis, I am convinced that ev-
idence synthesis has a great potential for accelerating our policy learning in global
environmental assessments and beyond. I here want to sketch how evidence synthe-
ses could be effectively used to facilitate the work of the IPCC and how research

collaboration could structure the evidence synthesis progress.

5.3.1 Systematic reviews facilitate assessments of large primary ev-

idence in global environmental assessments

A widespread availability of systematic reviews on manifold climate change research
questions would allow the IPCC to keep up with the rapid growth of relevant lit-
erature, without exponentiating the workloads for the involved authors. While the
number of citations in IPCC reports has rapidly increased over the three decades
of its existence, its coverage of the climate change literature kept declining due to
the even faster growth of the relevant literature [5, 14]. Reliable systematic reviews
would allow IPCC authors to assess the available evidence more comprehensively

without the need to review ever more primary studies.

Rigorous synthesis conducted in systematic reviews, provides new insights that go
beyond a mere summary of the evidence. Their methods are designed to make
sense of the reviewed research findings. The meta-analysis, conducted in Chapter
3, for instance, harmonises the effect sizes reported across primary studies, allow-
ing to average and compare them across the policy schemes. It critically appraises

each study and assesses the heterogeneity in research findings. Similarly, the realist
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synthesis, conducted in Chapter 4, tests hypotheses on the emissions reduction path-
ways across studies, assessing their validity across country and sector contexts. All
these analyses provide IPCC authors with additional insights on what conclusions
can be drawn from the available evidence, instead of having hundreds or thousands
of primary research findings side by side without any systematic comparison of how

these support or contradict each other.

Unlike traditional literature reviews, systematic reviews provide a traceable and
transparent assessment of the reviewed evidence, allowing IPCC authors to reassess
and make their own judgement of the primary evidence. Systematic reviews are
transparent on the eligibility criteria for the search and selection of reviewed docu-
ments, the appraisal of their research design, and the methods used for synthesis and
they make the extracted data publicly available. An IPCC assessment could, based
on these information, evaluate to what extent the review provides a comprehensive,
reliable, and unbiased answer to the question addressed by the author team. Trans-
parent data reporting even allows the IPCC authors to reassess the provided data

with a changed research angle, in case this is relevant to their assessment.

If research questions addressed in the IPCC assessment deviate from those assessed
in the systematic review, reassessments can be facilitated by the data collected for
the systematic review. Taking the example of the two reviews conducted for this
thesis, there are numerous ways in which the assessment may want to adjust the
research questions at hand. It might want to change the system boundaries by
assessing carbon taxes and cap-and-trade schemes separately or adding additional
policy schemes, update with newly published studies, conduct alternative analyses,
or alter the appraisal decisions. For the meta-analysis the data and code are pub-
licly available and may feed into alternative assessments to better fit the research
questions by the reviewing body. The same holds for the realist synthesis, where
the origin of each hypothesis and linked evidence is made transparent in the re-
search report, allowing for a reassessment for subsets or amended with newly added
primary studies or a variation of the research question. The collection and prepro-
cessing of the primary evidence facilitates supplementary assessments of the data

with drastically reduced workloads for the IPCC author team.
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5.3.2 Literature maps provide a common ground for global envi-

ronmental assessments

Throughout all stages of the IPCC assessment cycle, from the scoping to the ap-
proval, an accessible overview of what literature is out there can facilitate the discus-
sions between all parties on what evidence the IPCC can, should, and does assess.
From the definition of the assessment scope, through several rounds of assessment
and review, up until the final approval of the report, assessments are guided by
both the interest in policy relevant research questions as well as the availability of
research addressing these questions. A structured and interactive tool to navigate
within the available literature, provides a low-barrier device to understand which
questions are studied in the literature and which ones might not be assessable due
to gaps in the evidence. This may be of particular value to facilitate the transdisci-
plinary discussions involving researchers, governments, external experts and observer

organisations.

Evidence and gap maps with the detail provided in the map compiled in Chapter
2, extended to all relevant strands of the literature, would facilitate such discus-
sions. This would require detailed maps of the relevant research, including climate
policy evaluations, drivers of climate change, impacts, technological potentials, po-
litical economy factors, etc., and across all types of evidence — ex-post and ex-ante,

qualitative and quantitative.

At the assessment stage, a well structured map eases the access for IPCC authors and
reduces the efforts needed to trace the available literature. With the large amount
of relevant evidence, to date, even domain experts struggle to keep an overview of
all the available evidence. Climate policy questions are addressed across multiple
scientific disciplines and published in hundreds of different journals. A systematic
map of the available evidence lowers the risk of overlooking relevant branches of
the literature. An evidence and gap map, as presented in this thesis, may point
the author team directly towards systematic reviews of parts of the evidence, which

lighten their assessment task.

While the map may serve as a valuable common resource, it should not be prescrip-

tive of what research questions can and should be addressed in an assessment or
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not. The IPCC process involves many experts with knowledge of additional relevant
literature or an informed view, why other literature may be less relevant. The evi-
dence map may miss studies for a number of reasons. The evidence and gap map,
compiled in Chapter 2, for instance, is based on three bibliometric databases with
a focus on academic literature and is limited to English language literature. Evi-
dence that is published, for instance, in government reports or in other languages
will be missing in this map. The map would also not resolve the increasingly raised
demand to more thoroughly integrate indigenous knowledge into the assessment re-
ports [372-374]. Additional literature searches should therefore always be conducted

to broaden the scope of the considered evidence.

5.3.3 Research community should work towards ecosystems of ev-

idence syntheses on all relevant climate policy questions

The two sections above suggest how evidence syntheses could be used for IPCC and
other global environmental assessments. An uptake of evidence synthesis practices,
however, needs to arise mainly outside of these assessments, driven by the research
community. Based on the experience from this thesis, I want to reflect on some ideas

how such work could be fostered to advance the science-policy interface.

A vision for evidence syntheses on the full range of policy relevant questions would
consist of large numbers of interlinked syntheses guided by policy needs and the
availability of high quality evidence. Key elements of such an ecosystem of evidence
syntheses would be evidence maps for scoping the evidence and defining research
questions, expert elicitation to construct typologies of policies, mechanisms, con-
texts, outcomes, and research methods, leading towards coordinated and interlinked
systematic reviews across policies and outcomes using supplementary systematic

review methods.

Starting from large scale evidence maps, as provided by Callaghan et al. [15] and
Sietsma et al. [109], the climate policy research landscape could be partitioned and
ecosystems of systematic reviews and more fine-grained maps be developed for each
branch of the map. Following the typology by Callaghan et al. [15] partitioning

of the evidence base could follow the lines of policies or sectors. As conducted in
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Chapter 2, more fine grained evidence and gap maps for each policy could reveal
the state of evidence on the specific policy and show where systematic reviews are

yet conducted or missing, informing the further research agenda.

Systematic reviews studying each outcome for each policy should be coordinated
to the extent that comparable frameworks for the policies, outcomes, methods, and
context factors are applied and unnecessary duplication of work is avoided. Common
understanding of these frameworks may be facilitated by consulting the evidence
maps compiled in preparation of the review ecosystem as well as consultations with
users of the evidence. The reviews conducted for this thesis show that the application
of different synthesis methods also merit overlaps between the evidence assessed in
multiple reviews, such that coordination and data sharing among review teams can
avoid duplicated work for searching and identifying relevant literature. Similarly,
the findings of one systematic review could point towards research questions that

should be assessed by supplementary systematic reviews.

Illustrating the idea using the evidence syntheses compiled for this thesis, an ecosys-
tem of carbon pricing reviews could be kicked off. The evidence and gap map identi-
fies evidence synthesis gaps for many of the policy outcomes, such as environmental
effectiveness, leakage, innovation, distributional effects, public perception, or health
co-benefits. While Chapter 3 provides a systematic review of environmental effec-
tiveness to fill the respective gap, each of the other outcomes would merit a dedicated
systematic review. The map could provide a starting point for the identification of
relevant studies for each of the reviews, reducing their workloads and facilitating an
agreement of system boundaries between reviews. As mentioned above, a group of
researchers has started to fill some of the evidence synthesis gaps identified by the

map.

While coordinating between research teams may be beneficial, it should also be
explored how systematic reviews with different system boundaries can be communi-
cated to policymakers. The systematic reviews conducted here, for instance, focus
on ex-post assessments of both carbon taxes and emissions trading schemes, while

other reviews may cover both ex-post and ex-ante studies or focus exclusively on
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carbon taxes. All these reviews may complement each other, but their distinction

also need to be well understood.

In an ideal world all the interlinked evidence syntheses should be living [99], such
that any policy advice could always build upon the most up-to-date evidence. While
limited resources may not allow for each systematic review to be constantly updated,
living evidence and gap maps would be an essential requirement to become the
central element of the proposed ecosystem of evidence syntheses. Reviewers could
then, at any point in time, use the map as the starting point to identify an evidence

synthesis gap and extract the relevant primary evidence for their review.

To conclude, ecosystems of evidence syntheses could be comprehensive, interlinked
assessments of the entire climate policy evidence. These could provide a structured
overview of the state of knowledge on what climate policies work, under what con-
ditions, why, causing which side effects or co-benefits. They could inform policy
decisions as well as environmental assessments by synthesising all the valuable evi-

dence we already have to address the climate crisis.
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Appendix

Group Schemes Keywords

Argentina Argentina carbon tax Argentina

Australia Australia ETS Australia

Austria Austria ETS Austria

Canada Alberta ETS, British Columbia carbon tax, Canada Quebec, Alberta, Nova Scotia,
federal carbon tax, Canada federal ETS, New Prince Edward Island,
Brunswick carbon tax, New Brunswick ETS, Northwest, Newfoundland,
Newfoundland and Labrador carbon tax, Canada, New Brunswick,
Newfoundland and Labrador ETS, Northwest Ontario, Saskatchewan, British
Territories carbon tax, Nova Scotia ETS, Ontario Columbia, Canadian

ETS, Prince Edward Island carbon tax, Quebec ETS,
Saskatchewan ETS

Chile Chile carbon tax Chile

China Beijing pilot ETS, China national ETS, China Hubei, Shenzhen, Guangdong,
regional ETS pilots, Chongqing pilot ETS, Fujian Fujian, Beijing, China,
pilot ETS, Guangdong pilot ETS, Hubei pilot ETS, Chongqing, Tianjin, Shanghali,
Shanghai pilot ETS, Shenzhen pilot ETS, Tianjin Chinese
pilot ETS

Colombia Colombia carbon tax Colombia

Denmark Denmark carbon tax Denmark, Danish

Estonia Estonia carbon tax Estonia

EU EU ETS Europe, EU, EUA

Finland Finland carbon tax Finland, Finnish

France France carbon tax France, French

Germany Germany ETS Germany, German

Iceland Iceland carbon tax Iceland

Indonesia Indonesia ETS Indonesia

Ireland Ireland carbon tax Ireland, Irish

Japan Saitama ETS, Japan carbon tax Japan, Saitama

Kazakhstan  Kazakhstan ETS Kazakhstan

Korea Korea ETS Korea

Latvia Latvia carbon tax Latvia

Liechten- Liechtenstein carbon tax Liechtenstein

stein

Luxem- Luxembourg carbon tax Luxembourg

bourg

Mexico Mexico carbon tax, Mexico ETS, Baja California Mexico, Baja, California,
carbon tax, Tamaulipas carbon tax, Zacatecas Mexican
carbon tax

Nether- Netherlands carbon tax Netherlands, Dutch

lands

New New Zealand ETS New Zealand

Zealand

Norway Norway carbon tax Norway, Norwegian

Poland Poland carbon tax Poland, Polish

Portugal Portugal carbon tax Portugal, Portuguese

Singapore Singapore carbon tax Singapore

Slovenia Slovenia carbon tax Slovenia

South South Africa carbon tax South Africa

Africa

Spain Spain carbon tax Spain, Spanish

Sweden Sweden carbon tax Sweden, Swedish

Switzerland  Switzerland carbon tax, Switzerland ETS Switzerland

Tokyo Tokyo ETS Tokyo

UK UK carbon price support, UK ETS United Kingdom, England,

Wales

Ukraine Ukraine carbon tax Ukraine

unknown multiple, unclear

Uruguay Uruguay carbon tax Uruguay

US California ETS, RGGI, Massachusetts ETS, Oregon Massachusetts, New York,
ETS RGGI, Maryland, California,

Regional Greenhouse Gas,
Greenhouse Gas Initiative

Table A.1: Keywords for dictionary approach to identify policy regions for evidence and
gap map 179
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PCC Penasco et al Konidari & Mavrakis Schneider & Neij & Astrand Koppl & Lamb et al. Synthesised
Wagner Shratzenstaller Typology
Category Category Category Sub-Category Category Category Category Category Category
Environmental Environmental Environmental Direct Environmental | Relevance Environmental Environmental
effectiveness effectiveness performance contribution to efficacy effectiveness effectiveness
reduction of
GHG emissions
Indirect Sustainability
environmental
effects of the
instrument
Leakage
Economic Competitiveness | Political Competitiveness Hfects of Competitiveness
effectiveness acceptability carbon taxeson
macroeconomic
performance
The double
dividend
hypothesis
Hfectsof
carbon taxeson
competitiveness
Cost related Cost Cost Efidency Cost
outcormes effectiveness effectiveness effectiveness &
Dynamic cost Eficiency
effidency
Employment Employment &
Labour market
Distributional Distributional Equity Distributional Equality (income) Distributional
effects outcomes effects of effects & faimess
carbon taxation
Distributional Equality
consequences (geographic)
of compen-
sation measures
Equality (gender)
Other social Access (electricity)
outcomes Access (other)
Affordability
(energy)
Time/labour/
drudgery
Subjective well-
being
Livelihoods and
poverty
Community
cohesion/conflict
Transformative | Innovation Hfects of Innovation &
potential outcomes carbon taxes on Investment
innovation
Technological Dynamic Market Firm behaviour &
effectiveness effidency indicators economic
Business structure
oriented
indicators
Prices of goods
and services
Household
behaviour
Institutional Political implementation | acceptance and Implementation
requirements economy process public support process &
aspects of carbon tax Feasibility
schemes
Flexibility
Stringency for
non-compliance
and non-
participation
Feasibility of Implementation | Administrative
implementation | network practicability
(or capacity
enforcement) Administrative
feasibility
Finandial
feasibility
Procedural justice
(Public)
Perception
Co-benefits, Environmental
negative and health co-
side-effects benefits
other

Figure A.1: Synthesis of outcome categories for evidence and gap map: The overview
lists outcome typologies proposed by Dubash et al. [9] (IPCC), Pefiasco et al. [140], Konidari and
Mavrakis [150], Schneider and Wagner [153], Neij and Astrand [152], Képpl and Schratzenstaller
[138], and Lamb et al. [151]. A synthesis of these typologies, used for the evidence and gap map, is

provided in the right column.
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Table B.1: Studies included in the systematic reviews in Chapter 3 and 4

Study Scheme Studied sector Study design

Leslie [295] Australian  carbon Energy control/treatment
tax

Lawley and BC carbon tax Transport price elasticity

Thivierge [231]
Metcalf [285]
Pretis [292]

Rivers and Schaufele
[176]

Xiang and Lawley
[177]

Erutku and Hilde-
brand [232]

Bartram et al. [287]
Martin and Saikawa
[375]

Cao et al. [262]
Chen et al. [299]

Cui et al. [269]

Dong et al. [376]
Dong et al. [268]

Gao et al. [288]

Hu et al. [174]

Li et al. [281]

Zhao and Yang [377]

Ma et al. [266]

Ouyang et al. [378]

BC carbon tax

BC carbon tax

BC carbon tax

BC carbon tax

BC carbon tax, Que-
bec ETS
California CaT
California

RGGI

CaT,
Chinese pilot ETS
Chinese pilot ETS

Chinese pilot ETS

Chinese pilot ETS
Chinese pilot ETS

Chinese pilot ETS

Chinese pilot ETS

Chinese pilot ETS

Chinese pilot ETS

Chinese pilot ETS

Chinese pilot ETS

Whole economy
All sectors covered
by the carbon price

Transport

Buildings

Transport

Industry

Energy

Energy

Whole economy
All sectors covered
by the carbon price
Whole economy

All sectors covered
by the carbon price
All sectors covered
by the carbon price
All sectors covered
by the carbon price
All sectors covered
by the carbon price
All sectors covered
by the carbon price
All sectors covered
by the carbon price

Industry

DiD
DiD

price elasticity

DiD, price elasticity

price elasticity

DiD
DiD
DiD
DiD

DiD

DiD
DiD

DiD

DiD

DiD

DiD

DiD

DiD
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Table B.1 — Continued from previous page

Study

Scheme

Studied sector

Study design

Peng et al. [272]

Qi et al. [265]
Shen et al. [297]

Tang et al. [279]
Wang et al. [267]
Wang et al. [379]
Wang et al. [278]
Wang et al. [264]
Wen et al. [380]
Wen et al. [300]
Wu et al. [294]
Xu [263]

Yang et al. [381]

Yang et al. [382]

Yang et al. [261]

Yi et al. [383]
Zhang and Zhang
[273]

Zhang et al. [275]

Zhang et al. [276]

Zhang et al. |

N @ w
3 0 X
N i

Zhang et al.
Zhang et al.
Zhang et al. [28

Chinese pilot ETS

Chinese pilot ETS
Chinese pilot ETS

Chinese pilot ETS

Chinese pilot ETS

Chinese pilot ETS

Chinese pilot ETS

Chinese pilot ETS

Chinese pilot ETS

Chinese pilot ETS

Chinese pilot ETS

Chinese pilot ETS

Chinese pilot ETS

Chinese pilot ETS

Chinese pilot ETS

Chinese pilot ETS

Chinese pilot ETS

Chinese pilot ETS

Chinese pilot ETS

Chinese pilot ETS

Chinese pilot ETS

Chinese pilot ETS
Chinese pilot ETS

All sectors covered
by the carbon price
Whole economy

All sectors covered
by the carbon price
All sectors covered
by the carbon price
Whole economy
Whole economy
Whole economy

All sectors covered
by the carbon price
Industry
Industry
All sectors covered
by the carbon price
All sectors covered
by the carbon price
All sectors covered
by the carbon price
All sectors covered
by the carbon price
All sectors covered
by the carbon price
All sectors covered

by the carbon price

Whole economy

All sectors covered
by the carbon price
All sectors covered
by the carbon price
Industry

Whole economy

Industry

Whole economy

DiD

DiD
DiD

DiD

DiD

DiD

DiD

DiD

DiD

DiD

DiD

DiD

DiD

DiD

DiD

DiD

DiD

DiD

DiD

DiD

DiD

DiD
DiD
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Table B.1 — Continued from previous page

Study

Scheme

Studied sector

Study design

Zhang et al. [282]

Best et al. [233]

Ko and Lee [386]
Metcalf and Stock
[387]

Rafaty et al. [18]
Bayer and Aklin
[302]

Clo et al. [290]

Colmer et al. [237]
Dechezleprétre et al.
[291]

Fageda and Teixid6
[283)]

Ferndndez Ferndndez
et al. [238]

Gupta et al. [239]
Heiaas [296]
Jaraite-Kazukauske
and Di Maria [270]
Klemetsen et al. [271]

Petrick and Wagner
[240]

Wagner et al. [254]
Gugler et al. [178]

Elbaum [388]
Mideksa [260]

Kim and Bae [293]
Hanoteau and Talbot
[277]

Chan and Morrow

256

Chinese pilot ETS

cross-country

cross-country

cross-country

cross-country

EU ETS

EU ETS

EU ETS
EU ETS

EU ETS

EU ETS

EU ETS
EU ETS
EU ETS

EU ETS

EU ETS

EU ETS

EU ETS, UK carbon
price support
Finnish carbon tax
Finnish carbon tax
Korea ETS

Quebec ETS

RGGI

All sectors covered
by the carbon price
Whole economy
Whole economy

All sectors covered
by the carbon price
All sectors covered
by the carbon price
All sectors covered
by the carbon price

Energy

Industry
All sectors covered
by the carbon price

Transport

Whole economy

Industry
Transport
All sectors covered
by the carbon price
All sectors covered
by the carbon price

Industry

Industry

Energy

Transport
Transport
Industry

All sectors covered
by the carbon price
All sectors covered

by the carbon price

DiD

control/treatment
control/treatment
before/after  treat-

ment

DiD

DiD

before/after  treat-
ment

DiD

DiD

DiD

before/after  treat-

ment
DiD
DiD
DiD
DiD

DiD

DiD

price elasticity

DiD
DiD

DiD

DiD
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Table B.1 — Continued from previous page

Study Scheme Studied sector Study design
Murray and Maniloff RGGI Energy DiD
[229)
Yan [257] RGGI Energy DiD
Zhou and Huang RGGI Energy DiD
[230]
Hamamoto [389] Saitama ETS All sectors covered DiD
by the carbon price
Sadayuki and Saitama ETS, Tokyo All sectors covered DiD
Arimura [289] ETS by the carbon price
Yajima et al. [258] Saitama ETS, Tokyo Industry DiD
ETS
Andersson [259] Swedish carbon tax Transport DiD
Runst and Thoni- Swedish carbon tax Buildings DiD
para [235]
Hintermann and Swiss ETS All sectors covered DiD
Zarkovié [303] by the carbon price
Abe and Arimura Tokyo ETS Buildings DiD
(280]
Arimura and Abe Tokyo ETS Industry DiD
[301]
Abrell et al. [253] UK carbon price sup-  Energy before/after  treat-
port ment
Gugler et al. [236] UK carbon price sup-  Energy before/after  treat-
port ment
Leroutier [175] UK carbon price sup- Energy DiD

port
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Full Full Full Full Full Full Sub- Sub-
sample sample sample sample, sample, sample, sample: sample:
with clus- PET PEESE  fixed low ade-
outliers  tered effects RoB quately
(clus- pow-
tered) ered
Average -10.42 -12.52 -10.42 -7.31 -12.50 -4.39 -10.80 -6.83
treat- (0.76) (1.20) (0.76) (1.37) (1.20) (0.59) (1.03) (0.61)
ment
effect
SE -0.97
(0.14)
SE2 0.00
(0.00)

Table B.2: Average treatment effects, estimated with a variety of models: The average
treatment effects are estimated with random effects models, except for column 6, which is estimated
with a fixed effects model. The PET-PEESE models, control for publication bias by controlling for
the standard error (SE). Standard errors of the here provided estimates are displayed in parentheses.

Full sam- Low risk Adequately Low risk

ple of bias powered of bias
estimates and ad-
equately
powered
Chinese pilot ETS -13.14 -12.93 -8.66 -8.35
(1.04) (1.29) (1.24) (1.33)
EU ETS -7.27 -7.43 -7.79 -6.17
(1.66) (3.26) (1.38) (2.18)
BC carbon tax -5.43 -5.32 -5.66 -5.55
(2.15) (2.36) (1.41) (1.42)
RGGI -21.05 -21.02 -6.10 -6.10
(3.63) (3.74) (5.21) (4.65)
cross-country -5.85 -4.93 -4.25 -4.65
(3.04) (4.27) (2.10) (2.36)
Tokyo ETS -7.29 -5.97 -5.46 -5.77
(3.29) (5.96) (2.32) (3.21)
UK carbon price support -9.78 -7.81 -8.49 -7.02
(3.44) (4.89) (2.43) (3.36)
Saitama ETS -6.30 -1.06 -5.27 -1.06
(3.51) (5.96) (2.14) (3.21)
California CaT -18.90 -15.10
(5.19) (5.21)
Finnish carbon tax -14.83 -16.59
(5.21) (8.58)
Korea ETS -3.16 -1.58
(6.34) (5.17)
Quebec ETS -8.54 -10.62 -7.92 -9.38
(4.03) (6.16) (2.95) (3.77)
Swedish carbon tax -10.17 -5.43
(4.06) (6.75)
Australian carbon tax 0.16 0.17
(5.83) (3.90)
Swiss ETS 14.25
(12.49)

Table B.3: Average treatment effects for individual carbon pricing schemes: The average
effect sizes are estimated with mixed effects models and correspond to the estimates presented in
Figure 3.2. The standard errors are displayed in parentheses.
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Category Variables Description
Carbon BC_carbon_tax, The dummy variables capture the carbon pricing
pricing Chi- schemes. EU ETS together with the UK carbon price
scheme nese_pilot_ETS, support are set as benchmark. other_schemes includes
Finnish_carbon_taz, all other schemes and cross-country studies.
Quebec_ETS,
RGGI,
Saitama_ETS,
Swedish_carbon_taz,
Swiss_ETS,
Tokyo_ETS,
other_schemes
Carbon log_carbon_price Mean carbon price level during studied period. If the

price level

Sector
coverage

Policy
design

Study
period

Study
design

Unit of
observation

Data
frequency

Fuel
coverage

Dependent
variable

Log trans-
formation

Publication
bias

Risk of bias

industrial_sectors

tax

duration

synthetic_control

Data_Region,
Data_City,
Data_Sector,
Data_Firm,
Data_Plant,
Data_Airline

Data_Year,
Data_Month

Gasoline, Gas,
Coal

DVTotal

TransLevelLevel

SE_percent

Less_Bias

primary study reports the carbon prices of the analysed
carbon tax or emissions trading scheme, we use these
prices. If this information is not provided, we use data
by World Bank [200]. For EU ETS we use data by
International Carbon Action Partnership [201]. Prices
are captured in constant 2010 US$ and transformed to
logarithm.

The dummy variable captures the sectors energy and
industry. Transport and buildings sectors are used as
benchmark. For cross-sector studies the variable cap-
tures the sectors covered by the policy.

The dummy variable captures carbon taxing schemes.
The benchmark are cap-and-trade schemes.

The variable captures the time between the introduc-
tion of the assessed policy and the last included obser-
vation.

The dummy variable captures synthetic control designs,
motivated by a previous review, suggesting the rele-
vance of this design [137].

The dummy variables capture the unit of observation in
the studied data. The benchmark is country level data.

The dummy variables capture the data frequency. The
benchmark is data with higher frequency than monthly.

The dummy variable captures the fuel type, for stud-
ies on a specific fuel type. The benchmark are studies
across all fuels.

The dummy variable captures studies with total emis-
sions as dependent variable. The benchmark is per
capita emissions.

The dummy variable captures level-level regression
specifications. The benchmark is log-level specification.

Capture the standard error of the transformed effect
sizes, in line with precision effect test for publication
bias [195, 196].

The dummy variable captures studies with low risk of
bias. The benchmark are studies with medium or high
risk of bias.

Table B.4: Moderator variables for the heterogeneity analysis performed in section 3.3.4:
Definitions for the variables used in the heterogeneity analysis. The Bayesian model averaging allows

to include a large number of potentially relevant moderators.
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PIP  Post Mean Post SD  Cond.Pos.Sign

log_carbon_price 1.0000 3.8256 0.6633 1.0000
duration 1.0000 -1.5770 0.2594 0.0000
TransLevelLevel 0.9994 -7.1611 1.5894 0.0000
synthetic_control  0.9909 10.2756 2.8058 1.0000
Data_City 0.9618 16.6968 5.8521 1.0000
Coal 0.8677 -10.0338 5.2010 0.0000
Gasoline 0.1481 0.7873 2.3816 0.9999
Data_Airline 0.1382 0.9498 2.8731 1.0000
Data_Plant 0.1233 0.3781 1.2462 1.0000
industrial_sectors  0.1131 -0.3152 1.1226 0.0054
Gas 0.0947 -0.4457 1.7834 0.0000
Data_Sector 0.0868 0.2182 0.9397 1.0000
DVTotal 0.0790 -0.1766 0.8517 0.0022
Data_Month 0.0749 -0.2994 1.6795 0.0326
Less_Bias 0.0661 0.0967 0.5369 0.9989
Data_Firm 0.0621 -0.1098 0.6638 0.0082
Data_Year 0.0572 -0.0917 0.7732 0.0901
tax 0.0473 -0.0060 0.5018 0.6558
Data_Region 0.0450 -0.0007 0.3578 0.6033
SE_percent 0.0432 -0.0000 0.0019 0.0508
(Intercept) 1.0000 -14.3036

Table B.6: Heterogeneity assessment using Bayesian model averaging without dummy
variables per scheme: The table provides for each variable the posterior inclusion probability
(PIP), the mean (Post Mean) and standard deviation (Post SD) of the posterior distribution for a
respective explanatory variable and the share of the meta-regressions where the variable is estimated
with a positive sign (Sign). The variables are ordered by their PIP.
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Appendix for Chapter 4

Hypothesis

State-owned firms will react less to the carbon price, as their environmental performance is
aligned to public emission targets also without the regulation [275, 290] or because the policy
is less strictly enforced for state-owned firms [297].

Emission reductions will be lower, if the carbon price regulation is not sufficiently clear and
transparent [275].

Carbon pricing policies need appropriate enforcement measures to achieve emissions reductions
[298, 389].

For ETSs the possibility to bank emission allowances across years can foster emissions reduc-
tions in periods of relatively high supply of allowances [240, 254].

Emissions reductions are influenced by how emission allowances are allocated to the firms and
to what extent this is exogenous to the firms decisions [174, 269, 271, 272, 275, 279, 297].

Higher carbon prices lead to higher emissions reductions [18, 178, 263, 271, 277, 279].

Large-scale firms reduce emissions more, as installations for emissions reductions are more
profitable for larger facilities due to scale effects [291].

Table C.1: Hypotheses not assessed in the realist synthesis: The table lists hypotheses,
expressed in primary studies, which could not be captured in the assessment of the realist synthesis,
as they could not be allocated to a specific mechanism.
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Code Assigned elements
Context
Fuel price 5
Electricity price
Business cycle 8
Emission trend 33
Other Policies 15
Alternatives available 2
Abatement costs 9
Firm characteristics 9
Financial constraints 7
Ownership 6
Firm size 5
Sector 18
Buildings 15
Transport 32
Aviation 12
Industry 43
Energy 65
Market structure 7
Merit order 3
Policy design 22
Coverage 2
Off-sets
Enforcement 8
Overallocation
EU ETS phase I/II/III 18
Banking/borrowing 2
Allocation mechanism 38
Price level 51
Mechanism
Electrification 4
Low-carbon technology 14
Investment 11
Anticipation of future prices 4
Salience 11
Innovation 34
Reduction coal use 26
Announcement effect 17
Fuel switch 71
Efficiency 65

Energy intensity output

Carbon intensity energy

Carbon intensity output 17
Other 9
Leakage 58
Reduced production/consumption 56
Switch to alternatives 4
Type
Evidence 253
Discriptive 34
Qualitative 6
Hypothesis 177

Table C.2: Coding scheme for the data extraction for the realist synthesis: The codes were
created iteratively during the coding process. They are here presented together with the number
of elements that were assigned this code during the data collection. The categories were further
synthesised during the analysis of the data, as they are reported in Chapter 4. Indented codes are
subcategories of the higher-level code, but their occurrence is only counted in the subcategory to
avoid double counting. 190
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