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ABSTRACT

Climate change has become a significant systemic risk in the global financial landscape, yet
traditional asset pricing models such as the Capital Asset Pricing Model (CAPM) and the
Fama-French Three-Factor Model have not explicitly integrated this risk. A report by the
BlackRock Investment Institute (2020) suggests a 5-10% valuation reduction for companies
with high climate risk exposure, while the Swiss Re Institute (2021) projects an economic
impact of up to 18% of global GDP by 2050. This gap highlights the urgent need to revise asset
pricing models to reflect the reality of climate risk. This study aims to synthesize approaches to
integrating climate risk (physical and transition) into asset pricing models, identify
methodological challenges in its measurement and representation, and evaluate the validity of
climate risk metrics such as ESG scores and climate beta. Using a narrative review approach,
this study analyzes literature from Scopus, Web of Science, JSTOR, and ScienceDirect databases
(2010-2025). The search strategy involved keywords such as “climate risk”, “asset pricing”,
“ESG”, and “machine learning”. Thematic analysis was applied to identify patterns in theoretical
approaches, climate variables, adopted models, and empirical results. Findings suggest that
climate risk integration can be achieved through the Climate Beta concept, ESG-based models,
portfolio sorting based on carbon exposure, and hybrid models with machine learning.
Empirical evidence suggests that carbon-intensive sectors experience lower stock returns and
increased volatility, although methodological inconsistencies remain a challenge. Integrating
climate risk into traditional asset pricing models, particularly through the development of
adaptive multifactor models, has the potential to improve return prediction and risk
assessment. More robust methodologies, standardized environmental data, and
multidisciplinary collaboration are needed to produce valid and applicable models.

Keywords: Climate Risk, Asset Pricing, ESG, Climate Beta, Financial Models, Machine
Learning.

ABSTRAK

Perubahan iklim telah menjadi risiko sistemik yang signifikan dalam lanskap keuangan global,
namun model penetapan harga aset tradisional seperti Capital Asset Pricing Model (CAPM) dan
Fama-French Three-Factor Model belum secara eksplisit mengintegrasikan risiko ini. Laporan
BlackRock Investment Institute (2020) menunjukkan penurunan valuasi 5-10% pada
perusahaan dengan eksposur risiko iklim tinggi, sementara Swiss Re Institute (2021)
memproyeksikan dampak ekonomi hingga 18% PDB global pada tahun 2050. Kesenjangan ini
menyoroti kebutuhan mendesak untuk merevisi model penetapan harga aset agar
mencerminkan realitas risiko iklim. Penelitian ini bertujuan untuk mensintesis pendekatan
integrasi risiko iklim (fisik dan transisi) ke dalam model harga aset, mengidentifikasi tantangan
metodologis dalam pengukuran dan representasinya, serta mengevaluasi validitas metrik risiko
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iklim seperti ESG scores dan climate beta. Menggunakan pendekatan narrative review, studi ini
menganalisis literatur dari database Scopus, Web of Science, JSTOR, dan ScienceDirect
(2010-2025). Strategi pencarian melibatkan kata kunci seperti "climate risk", "asset pricing",
"ESG", dan "machine learning". Analisis tematik diterapkan untuk mengidentifikasi pola dalam
pendekatan teoritis, variabel iklim, model yang diadopsi, dan hasil empiris. Temuan
menunjukkan bahwa integrasi risiko iklim dapat dilakukan melalui konsep Climate Beta, model
berbasis ESG, penyortiran portofolio berdasarkan eksposur karbon, dan model hibrida dengan
machine learning. Bukti empiris mengindikasikan bahwa sektor padat karbon mengalami
pengembalian saham yang lebih rendah dan volatilitas yang meningkat, meskipun inkonsistensi
metodologis masih menjadi tantangan. Integrasi risiko iklim ke dalam model harga aset
tradisional, khususnya melalui pengembangan model multifaktor yang adaptif, sangat
potensial untuk meningkatkan prediksi return dan penilaian risiko. Diperlukan metodologi yang
lebih kuat, data lingkungan yang terstandarisasi, dan kolaborasi multidisipliner untuk
menghasilkan model yang valid dan aplikatif.

Kata Kunci: Climate Risk, Asset Pricing, ESG, Climate Beta, Financial Models, Machine
Learning.

1. INTRODUCTION

Asset pricing is at the heart of modern financial theory and the basis for investment
decision-making. However, in recent decades, climate change issues have significantly changed
the global financial risk landscape.Climate risk, which include physical risk(such as natural
disasters due to climate change) andtransition risk(such as decarbonization policies and
technological shifts), are now considered systemic risks by many international financial
institutions.According to a report fromSwiss Re Institute (2021), the economic impact of
climate change could reduce up to 18% of total global GDP output by 2050if there is no
significant mitigation action. Developing countries are expected to experience greater
economic losses, even reaching-25% against baseline GDP.

On the financial market side, reports fromBlackRock Investment Institute (2020)shows
that companies with high exposure to climate risk experience valuation decrease of 5-10%
compared to companies that are more adaptive to environmental issues. In addition, a study
fromNGFS (Network for Greening the Financial System, 2022) States that around 72% of global
central banks and regulators have integrated climate risks into their financial stability
frameworks.However, most of the asset pricing models in use today — such asCapital Asset
Pricing Model (CAPM), Fama-French Three-Factor Model, until Arbitrage Pricing Theory (APT)—
still does not explicitly include climate risk as a determining factor of risk and return. In fact, in
the reportMSCl ESG Research (2023)it is mentioned that more than 60% of institutional
investors stated that climate risk is a key consideration in their investment strategy.

These data confirm that there is an urgent need to revise and develop asset pricing models to
reflect the new risk realities posed by climate change.

Climate change has been widely recognized as one of the most significant challenges to
the stability of the global economy and financial system. International financial institutions,
including the World Bank, the IMF, and the NGFS, have emphasized the importance of
internalizing climate risk into the framework of economic and investment decision-making. In
the context of financial theory, this requires an expansion of the asset pricing model paradigm
to accommodate the environmental risk dimension.However, recent literature shows that
efforts to integrate climate risk into asset pricing models still face substantial obstacles, both
theoretically and empirically.

First, there is no consensus in the literature on how to operationally define and classify
climate risk in a financial context. Climate risk is often divided into two broad categories:
physical risk, which encompasses the direct impacts of extreme climate events such as floods,
wildfires, or droughts; and transition risk, which relates to shifts in policy, regulation, and
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technology toward a low-carbon economy. However, not all studies agree on the relevance,
duration, or magnitude of each of these types of risk on asset prices.Second, there is a
methodological gap in the approaches used to quantify and integrate climate risk into asset
pricing models. Some studies use ESG (Environmental, Social, and Governance)-based
approaches as a proxy for environmental risk, but the validity and consistency of ESG scores
across providers is still debated. Other studies try to introduce new climate factors, such as
climate beta, into multifactor models, but are often limited to specific case studies or have
limitations in data coverage. This makes it difficult to compare results across studies, thus
hampering generalization and knowledge accumulation.Third, the limited modeling of climate
risk in established formal asset pricing frameworks, such as CAPM, APT, or Fama-French
multifactor models, has made this integration not yet academically standardized. In fact, these
models are widely used by capital market practitioners, investment managers, and policy
makers. Without a strong theoretical foundation and replicable empirical methodology,
research results on climate risk tend to be descriptive and cannot be directly incorporated into
the investment decision-making process.

The problems outlined above indicate a significant research gap in the asset pricing
literature, particularly in relation to mainstreaming climate risk into the financial asset pricing
framework. The absence of a mature theoretical approach and standardized empirical methods
hampers efforts to effectively integrate climate risk dimensions into models used by both
academics and practitioners. Therefore, this study has a high urgency to formulate a
comprehensive integrative approach, encompassing conceptual, theoretical, and
methodological dimensions, in order to address the challenges of climate change in the context
of increasingly complex and dynamic asset prices.

This study aims to fill this gap by critically synthesizing the approaches that have been
developed in the academic literature and industry practice related to the integration of climate
risk into asset pricing models. The main focus of this study is to understand how climate
risks—both physical, such as natural disasters and environmental degradation, and transitional,
such as regulatory changes and the adoption of low-carbon technologies—can be accurately
represented within a financial theoretical framework. In addition, this study will also evaluate
how these factors affect expected returns and the risk structure of asset portfolios. Specifically,
the objectives of this study are to: (1) synthesize the approaches that have been used in the
literature and industry practice to incorporate climate variables into asset pricing models; (2)
identify the theoretical and methodological challenges faced in measuring, representing, and
integrating climate risk into mainstream financial models; (3) examine the validity and
effectiveness of various climate risk metrics used in previous studies, including ESG scores,
carbon intensity, stranded asset exposure, and climate beta; and (4) provide strategic direction
and recommendations for the development of a more reliable, transparent and applicable
climate-aware asset pricing model, both for institutional investors, regulators and the academic
community.

Thus, this research is expected to not only provide theoretical contributions in
broadening the horizon of understanding modern asset pricing, but also play a role in
supporting the transformation of the financial system towards a more sustainable and resilient
direction to long-term climate risks.The theoretical benefit of this research is its contribution in
enriching and expanding the scope of modern asset pricing theory by including the
environmental risk dimension that has not received adequate attention so far. The practical
benefit is the provision of a conceptual and methodological basis for market players and
regulators in conducting risk assessments and investment decision-making that are more
responsive to climate change. By bringing together findings from various approaches and
studies, this research is expected to be an important reference in forming a financial
framework that is more sustainable and resilient to climate shocks.
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Based on the background and problems that have been identified, this study is
designed to answer the following main question: How can climate risk factors be effectively
integrated into traditional asset pricing models to improve return prediction and risk
assessment? This question not only aims to detect the existence of climate risk influences on
the financial performance of an asset, but also to evaluate the extent to which these risks can
be systematically incorporated into established theoretical frameworks that are widely used in
the financial literature. The focus on the "effectiveness" aspect in this integration includes not
only the validity of the concept and theory, but also the technical feasibility and practical
applicability of models designed to internalize climate risk in asset price estimation.

To support the exploration of the main question, this study also formulates several
more specific sub-questions. First, what are the types and dimensions of climate risk that are
relevant in the context of asset pricing? This sub-question aims to identify and classify climate
risk elements, both in the form of physical risks such as natural disasters and transition risks
such as changes in policy or regulation, that have the potential to affect asset values. Second,
to what extent have climate risk factors been used in existing asset pricing models, and how do
they contribute to the accuracy of return predictions? The aim is to review the extent to which
existing models have accommodated climate factors and whether the presence of these factors
is proven to strengthen the model's clarity and predictive power.

Next, the third sub-question is: what are the challenges in measuring and quantifying
climate risk empirically in previous studies? This is important to understand the obstacles faced
in collecting and analyzing climate risk data, including limitations in indicators, methodological
differences, and the long-term validity of metrics such as ESG scores, carbon intensity, or
stranded asset exposure. Finally, what theoretical models and empirical approaches are most
promising in supporting the integration of climate risk into the multifactor asset pricing
framework? This question aims to evaluate various alternative models, including the
development of Fama-French multifactor models, Arbitrage Pricing Theory (APT), and machine
learning approaches that have begun to be adopted in the context of climate finance.

All of these research questions will be answered through systematic analysis and
critical synthesis of relevant academic literature. This research is expected to provide significant
contributions both in the development of environmental-based asset pricing theory, as well as
in practical applications for investors, regulators, and policy makers in dealing with the
dynamics of financial risks caused by climate change.

2. METHODS

2.1. Type of Study

This research uses an approach narrative review, a literature review method designed
to explore, interpret, and synthesize findings from previous studies in a comprehensive and
critical manner. Narrative review was chosen because this approach provides flexibility in
evaluating a broad spectrum of theories, approaches, and empirical findings, especially in
emerging areas that do not yet have an established theoretical consensus, such as the
integration of climate risk into asset pricing models.

Unlike systematic literature reviews (SLRs) which focus on a strict structure of search
protocols and selection of articles, narrative reviews provide space to explore a variety of
conceptual and thematic approaches in more depth, including identification research gaps,
differences in analytical paradigms, and conflicts in the results of previous studies. This
approach is very suitable for studying complex interdisciplinary issues such as climate finance,
where theoretical, methodological, and applied dynamics develop simultaneously.

Using a narrative review approach, this study aims to develop a broader and more
reflective conceptual understanding of how climate risk has been (and can be) integrated into
asset pricing models, either through the development of new theories or modifications to
existing models. This approach allows researchers to critique the underlying assumptions of
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these models, and evaluate their strengths and limitations in addressing contemporary
challenges related to sustainable finance.

2.2. Literature Search Strategy

The literature search strategy in this study was carried out systematically and in a
planned manner to ensure broad coverage and high relevance to the topic being studied. The
main literature sources came from internationally reputable academic databases such
asScopus, Web of Science, JSTOR, And ScienceDirect, which provides access to peer-reviewed
articles and scientific publications of high quality standards.The keywords used in the literature
search include key terms relevant to the focus of this study, including: “climate risk”, “asset
pricing”, “carbon exposure”, “ESG”, “environmental risk factors”, “climate beta”, “green
finance”, and “financial models”. The combination of these keywords is used both
independently and with Boolean operators (AND, OR) to expand the scope of the search results
without losing the thematic focus.

The literature search period is limited from the year2010 to 2025, arguing that prior to
2010, the integration of environmental factors into asset pricing models was very limited and
early conceptual. This time span allows the study to capture the evolution of more recent
discourses and methodologies, including recent trends in sustainable finance modeling,
increased attention to climate change in investment policies, and the integration of ESG and
climate risk into portfolio management frameworks.In addition to database searches, advanced
search techniques such as snowballing (tracing references from primary articles) were also
used to track down relevant literature that may have been missed by the initial keyword
search. This aims to strengthen the comprehensiveness and validity of the literature synthesis
results.

2.3. Inclusion and Exclusion Criteria
In order to maintain the academic quality and substantive relevance of the reviewed
literature, this study established clear inclusion and exclusion criteria.. Inclusion criteria
Coverage of articles that:
e Published in a reputable peer-reviewed journal.
e Written in English.
e Explicitly addresses the topic of integrating environmental, ESG, or climate risk factors
into asset pricing models.
® Presents relevant theoretical framework or empirical results.
e Using data and/or methodological approaches that can be traced and reviewed.

Meanwhile Exclusion criteria on:

® Articles are opinion pieces, editorials, or non-peer-reviewed.

e Studies that only discuss ESG aspects in general without direct relevance to asset
pricing.

e Articles that do not provide enough information about methods or results.

o Duplicate publication or pre-print version of an article that has been officially
published.

The application of these criteria aims to ensure that the literature synthesis carried out
has a strong and accountable academic basis, and produces generalizations that are relevant
for the development of theory and practice in the field of climate finance.

2.4. Analysis Techniques
A Literature analysis was conducted using an approach tematik (thematic analysis),
which allows researchers to identify, organize, and interpret key patterns in literature findings.
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This technique begins with the process of coding on the content of articles that have passed
the inclusion criteria, where each article is analyzed based on the theoretical approach used,
integrated climate variables, adopted asset pricing model, and obtained empirical results.

Next, the results coding categorized into key themes that reflect the most prominent
approaches to integrating climate risk into financial models. Some anticipated themes include:
the use of climate beta, ESG scores-based approaches, modified multifactor models, and
machine learning and artificial intelligence-based approaches. These categories are then
analyzed based on their theoretical contributions, empirical validity, and level of
methodological innovation.Comparisons between approaches are conducted to assess the
relative strength of each method in addressing the problem of climate risk integration. In
addition, the analysis also includes identifying the limitations of existing approaches, as well as
exploring the potential for developing more comprehensive and adaptive models. The results
of this analysis form the basis for formulating a conceptual framework and recommendations
at the end of the study.

3. RESULTS

3.1. Development of Asset Pricing Models

Asset pricing models have experienced significant advancements since the introduction
of the Capital Asset Pricing Model (CAPM) by Sharpe in 1964 and Lintner in 1965. The CAPM
established a foundational framework for understanding the linear relationship between
market risk and expected returns by quantifying risk through the beta coefficient (Chiah et al.,
2016). The model's influence was further expanded with the introduction of the Arbitrage
Pricing Theory (APT) by Ross in 1976, which proposed that multiple systematic factors could
simultaneously impact asset prices, thereby offering an alternative to the single-factor CAPM
(Campbell, 2014).

Scholars have since explored multifactor models to capture additional dimensions of
risk. A significant development includes the Fama-French Three-Factor Model, which emerged
in 1993, incorporating size and value factors to address the cross-sectional variations in stock
returns that the CAPM could not fully explain. This model demonstrated that factors such as
Small Minus Big (SMB) and High Minus Low (HML) could provide better predictive power in
asset pricing (Romo, 2011). The Fama-French model has since evolved into the Five-Factor
Model, which added profitability and investment factors, underscoring the importance of these
variables in explaining asset returns and pricing phenomena (Liao et al., 2023). Furthermore,
the integration of behavioral finance into asset pricing has introduced considerations of
investor psychology, biases, and deviations from rationality as impactful determinants of asset
prices. Specifically, researchers have highlighted the behavioral dimensions which incorporate
how sentiments and cognitive biases can lead to anomalous return patterns that traditional
models fail to account for (Foye et al., 2013). These developments reflect an expansive view of
asset pricing that includes not just financial metrics, but also psychological factors that
influence market dynamics.

Despite these advancements, the traditional models largely overlook the critical
dimension of climate risk. As the global economy increasingly pivots towards sustainability, the
integration of environmental factors into asset pricing models has become paramount. Recent
literature suggests the necessity for models that can effectively internalize climate risk, thereby
aligning asset pricing frameworks with the realities of climate change and the growing
emphasis on environmental impact. For instance, emerging studies are focusing on developing
models that better incorporate these new risks to deliver more accurate assessments of
expected returns in a changing economic landscape (Ospina-Holguin & Ospina, 2021; Chandra
& Thenmozhi, 2017). In conclusion, the evolution of asset pricing models reflects ongoing
efforts to refine and expand the understanding of the factors that drive asset returns. The
transition from single to multifactor models demonstrates the complexity of market dynamics,
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while the burgeoning field of behavioral finance adds further depth. However, the pressing
need for incorporating climate risk remains a significant gap that future research must address.

3.2. Definition and Classification of Climate Risk

Climate risk in finance encompasses various dimensions, primarily categorized into
physical risk and transition risk. Understanding these classifications is essential as they
significantly influence asset pricing models and the evaluation of risk exposures across different
sectors.

1. Physical Risk

Physical risk emerges from the tangible impacts of climate change, manifested through
intensified natural disasters such as floods, wildfires, and storms. Such extreme weather events
can lead to direct damage to physical assets, operational disruptions, and heightened insurance
costs. Research by Thistlethwaite and Wood highlights the relationship between climate
change and increased frequencies of extreme weather, asserting that these phenomena pose
significant threats to asset value and operational viability in various sectors, particularly
insurance (Thistlethwaite & Wood, 2018). This notion is reinforced by the work of Bacciu et al.,
who describe the potential for forest fires to disrupt the blue economy of Mediterranean
islands, illustrating sector-specific vulnerabilities to climate-related events (Bacciu et al., 2021).
Neumann and Strzepek provide a comprehensive literature review discussing the economic
impacts of climate change across numerous sectors, further accentuating the direct financial
implications of physical climate risks (Neumann & Strzepek, 2014).

2. Transition Risk

Transition risk, in contrast, is driven by shifts toward a low-carbon economy influenced
by evolving policies, market preferences, and technological advancements. Louche et al.
emphasize that financial markets hold considerable power in driving sustainable practices,
making them integral to the transition towards a greener economy (Louche et al., 2019). As the
demand for carbon pricing increases, assets tied to high carbon outputs risk becoming
stranded, potentially leading to significant financial losses for investors. Thoma and Chenet
explore the inherent market failures associated with mispricing transition risks, elaborating on
how financial models may inadequately account for future liabilities and shifts in market
conditions as societies move towards carbon neutrality (Thoma & Chenet, 2016). The study by
D’Orazio and Popoyan investigates the role of macroprudential policies in addressing these
transition risks, underscoring the urgent need for regulatory frameworks to mitigate financial
losses associated with climate-related shifts (D’Orazio & Popoyan, 2018).

3. Implications for Asset Pricing and Risk Assessment

A profound understanding of both physical and transition risks is crucial for developing
effective asset pricing models that can integrate these dimensions. Monasterolo et al. discuss
potential shocks to financial markets resulting from the transition to a low-carbon economy,
advocating for improved disclosures to facilitate better risk assessment (Monasterolo et al.,
2017). Additionally, the work of Feridun and Giingor reviews emerging regulatory practices
applicable to the banking sector concerning climate-related financial risks, emphasizing the
necessity of integrating climate risk assessment into overall risk management strategies
(Feridun & Gilingér, 2020). By embedding such considerations into financial frameworks,
institutions can elevate their preparedness against both types of climate risks, ultimately
enhancing societal resilience to climate changes. In conclusion, the nuanced understanding of
climate risks, characterized by physical and transition elements, plays an indispensable role in
shaping financial strategies and regulatory policies. This understanding aids stakeholders in
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navigating the complex landscape of climate-related uncertainties, ensuring sustainable
development and robust economic performance in the face of an evolving climate paradigm.

3.3. Climate Risk Integration Approach into Asset Pricing

Integrating climate risk into asset pricing frameworks has become a significant focus in
current financial literature. Various methodologies have been developed to quantify and
incorporate climate-related variables, notably through concepts such as Climate Beta,
ESG-Enhanced Models, Portfolio Sorting based on carbon exposure, and Hybrid Models with
Machine Learning techniques.

1. Climate Beta

The concept of Climate Beta assesses the sensitivity of asset prices to climate risk
factors, paralleling the traditional Capital Asset Pricing Model (CAPM) beta. This perspective
informs how environmental risks, stemming from climate change, affect asset returns, allowing
for greater inclusion of climate variables in pricing models. Recent studies indicate that climate
risks correlate significantly with stock returns, showing that firms’ valuations are impacted by
their exposure to these risks (Zhang et al., 2023). The relationship between climate policy
uncertainty and stock market fluctuations further underscores the importance of quantifying
such risk factors (Lasisi et al., 2024), emphasizing the need for a nuanced understanding of
asset performance in light of climate considerations.

2. ESG-Enhanced Models

ESG scores are increasingly used as proxies for corporate sustainability and
environmental risks. The integration of ESG into asset pricing helps assess potential hazards
and opportunities linked to environmental factors, illustrating how companies with robust
sustainability practices can mitigate risks and potentially enhance their returns. Studies
propose that strong ESG characteristics correlate with lower costs of capital and better
operational performance (Go6tze et al., 2023). These observations support the relevance of ESG
metrics in financial analysis and align with emerging asset pricing models that incorporate
these characteristics (Zhang, 2024).

3. Portfolio Sorting Based on Carbon Exposure or Sustainability Index

This methodology sorts portfolios by their carbon exposure and emissions intensity.
Empirical analysis suggests that differential return patterns exist depending on sustainability
profiles, indicating that the market may consistently price climate risk across asset segments
(Zhang et al., 2023). The tendency for lower emission portfolios to outperform their higher
emission counterparts suggests a favorable market response towards sustainability (Zhang et
al., 2023). This sorting method effectively illustrates varying perceptions of climate risk among
asset classes and reinforces the urgency for integrating environmental factors into investment
strategies.

4. Hybrid Model with Machine Learning Approach

The rise of machine learning in finance has introduced innovative methods to analyze
the complex interactions between climate risks and asset prices. Hybrid models that blend
traditional financial theories with machine learning techniques can uncover non-linear
relationships among variables and enhance predictive capabilities (Aziz et al., 2021). Recent
literature emphasizes how machine learning can contribute to a more comprehensive asset
pricing approach, improving accuracy in understanding the impacts of climate risks on asset
valuations (Drobetz & Otto, 2021;, Zhao, 2023). By employing advanced data processing and
modeling techniques, these hybrid methods show promise for developing responsive asset
pricing frameworks that adapt to evolving climate-related data.
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In conclusion, the incorporation of climate risk into asset pricing necessitates not only a
revision of existing models but also innovative approaches that can interpret the complex
interplay between environmental factors and financial metrics. Ongoing research in this field
reflects a growing recognition of climate change's crucial influence on investment strategies
and asset performance. Each approach has its own advantages and limitations, depending on
data availability, model complexity, and the desired application context.

3.4. Empirical Evidence

Empirical studies have increasingly substantiated the claim that climate risk
significantly affects stock returns, particularly within carbon-intensive sectors such as fossil
fuels, mining, and heavy manufacturing. A notable example is the study by Krueger et al.,
which indicated that firms with high carbon exposure tend to experience lower stock returns
and increased volatility. This finding reflects a market penalty for environmental risks that
investors appear to consider in their financial assessments (Krueger et al., 2020; . Moreover,
Giglio et al. discuss how climate risks interact with financial markets across various asset
classes, including equities, real estate, and fixed-income securities, emphasizing the
importance of effective climate risk evaluation (Giglio et al., 2021).

However, empirical evidence regarding the impact of climate risk on stock returns is
often inconsistent. Differences in how climate risk is defined, methods of measurement, data
quality, and analytical frameworks contribute to this ambiguity. Ma et al. highlight how
discrepancies in constructing climate risk indices can affect comparative analyses across
studies, underscoring the need for a more unified approach to understand the relationship
between environmental risks and stock market performance (Ma et al.,, 2023). Moreover,
variations in findings across different studies complicate the formation of broadly applicable
conclusions regarding climate risk's implications in the financial sector (Ju, 2024). Critical
evaluations of the methodologies used in these studies are necessary for developing a
coherent understanding of the climate risk landscape and its financial repercussions Ardia et
al., 2023; .

In addition to methodological challenges, there are claims that institutional investors
are increasingly incorporating climate risk considerations into their investment strategies as a
response to evolving market realities. Research shows that integrating climate risks into
investment decisions is becoming essential for reputation management and compliance with
fiduciary duties, suggesting that the drive for sustainable investing is increasingly aligned with
the pursuit of financial returns (Krueger et al., 2020; , Pastor et al., 2021). This intersection
reflects a growing acknowledgment of climate risk as a factor that can impact overall asset
performance, necessitating that institutions adapt their investment frameworks to mitigate
potential losses associated with climate-related risks (Pankratz et al., 2023).

Overall, while empirical evidence illustrates a concerning relationship between climate
risk and stock performance, ongoing debates underscore the importance of clarity in
methodology and definitions within the research. By fostering a coherent understanding of
climate risks, financial markets can better adapt to new realities shaped by environmental
changes, particularly within carbon-intensive sectors (Krueger et al., 2020; , Ardia et al., 2023;,
Balcilar et al., 2023).

4. DISCUSSION

4.1. Theoretical Implications

The integration of climate risk into traditional asset pricing models poses significant
challenges to theoretical frameworks that have so far focused only on conventional economic
factors such as market risk, liquidity risk, and macroeconomic factors. Classical models such as
CAPM and Fama-French, although effective in explaining variations in returns based on these
factors, have not explicitly accommodated the new systemic risks arising from climate change.
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Thus, the addition of climate risk factors requires the development of theories that broaden
the definition of systemic risk in the context of modern finance. This not only adds a dimension
of risk that investors must consider, but also spurs the formation of asset pricing models that
are more holistic and adaptive to rapidly changing environmental dynamics. These theoretical
implications open up space for academics to re-examine the basic assumptions of asset pricing
models and develop new frameworks that incorporate sustainability and environmental risk as
central elements in financial analysis.

4.2. Methodological Challenges

One of the main obstacles in climate risk integration research is the lack of accurate,
consistent, and standardized data. Data related to climate factors, especially historical and
guantitative data, are still relatively limited, making it difficult to conduct robust empirical
analysis and replicate studies. Variations in climate risk measurement methods, especially in
the use of ESG scores, carbon footprints, and other sustainability indicators, also lead to
inconsistent research results. Dissonance between ESG rating agencies, each using different
methodologies and assessment weights, complicates the process of comparing and
synthesizing findings globally. In addition, climate risks are often nonlinear and complex,
requiring more sophisticated analytical approaches, such as machine learning, to capture
dynamic interactions between variables that are difficult to model traditionally.

4.3. Practical Implications

A deeper understanding of the impacts of climate risk has broad practical implications
for various stakeholders in the financial markets. For institutional and individual investors,
integrating climate risk factors into the investment decision-making process is crucial for
portfolio diversification strategies and long-term risk management, especially given the
potential volatility generated by extreme climate events and energy transition policies. For
regulators and policymakers, the findings on the importance of climate risk data disclosure and
transparency underscore the need for stringent regulation and uniform reporting standards so
that markets can assess risk accurately and efficiently. Meanwhile, for issuers, poorly managed
climate risk can increase the cost of capital and limit access to funding sources, given the
increasing demand for sustainable and socially responsible investments.

4.4. Gaps and Further Research Directions

Despite the progress in research, there are a number of gaps that need to be
addressed in future research. First, the development of dynamic pricing models that integrate
real-time climate data is essential to improve the accuracy of predictions and responses to
changing market conditions. Second, the validity and applicability of the climate beta concept
need to be further tested, especially in the context of emerging markets that have different
economic and regulatory characteristics than developed markets. Third, the relationship
between climate change policies—such as carbon taxes, green energy subsidies, and emission
regulations—and financial market volatility and stability is still understudied and offers ample
research opportunities. Such research will enrich the climate finance literature and help in
formulating more effective policies and sustainable investment strategies.

5. CONCLUSION

5.1. Summary of Findings

The literature review conducted in this study shows great potential for integrating
climate risk into asset pricing models. Various approaches, ranging from climate beta
measurement, the use of ESG scores, to hybrid methods based on machine learning, provide
an illustration that climate risk can be an important determinant factor in risk evaluation and
return prediction. However, on the other hand, there are still many significant challenges that
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need to be overcome, both in terms of theory development, data limitations, and the difficulty
of consistent empirical application across various market contexts and industry sectors. These
findings emphasize that the integration of climate risk into asset pricing is not only a necessity,
but also a complex and multidimensional process.

5.2. Answers to Research Questions

Based on the synthesis of findings, it can be concluded that climate risk factors can be
effectively integrated into traditional asset pricing models by developing multifactor models
that include climate risk-related variables, such as climate beta and ESG metrics. This approach
must be supported by an adaptive methodology that is able to capture the dynamics of climate
risk non-linearity in the context of changing financial markets. However, the consistency of
empirical results is still a major challenge that requires further attention, especially in terms of
risk measurement standards and data harmonization. Thus, this integration needs to be carried
out carefully and continuously developed in order to provide more accurate and relevant
return predictions and risk assessments.

5.3. Study Limitations

As a narrative review, this study has inherent limitations stemming from the reliance on
available literature and subjective interpretation of previous study results. This study did not
conduct a quantitative meta-analysis that could provide an integrated numerical estimate of
the effects of climate risk on asset pricing. In addition, limitations in database coverage and
potential publication bias are also aspects that need to be considered when generalizing the
findings. Therefore, the results of this study are more exploratory and conceptual in nature,
and require further testing through empirical studies with primary data and quantitative
analysis techniques.

5.4. Recommendations

To strengthen the integration of climate risk into asset pricing models in a sustainable
and applicable manner, it is necessary to develop more robust and innovative methodologies
that are able to comprehensively address the complexity and dynamics of climate risk.
Increasing the availability of standardized and transparent environmental data, both in terms of
guality and temporal and spatial coverage, is an important prerequisite for successful research
and practical applications. In addition, multidisciplinary collaboration between academics,
financial practitioners, policy makers, and environmental experts is needed to produce asset
pricing models that are not only theoretically valid but also relevant and useful in investment
practices and financial regulation in the era of climate change.
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