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Abstract
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mium associated with this signal. Conversely, we assess the realized financial impact
of compliance through a firm-level carbon expense ratio. Despite the economic mate-
riality of these costs, which reached 12.4% of operating income for the most exposed
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a discernible risk premium.

JEL classification: G12, Q41.

Keywords: Carbon Risk, EU ETS, Convenience Yield, Stock Returns.

∗We thank Matthias Hanauer, Andreas Hoepner, Lino Kungl, Dong Lou, Aaron McDougall, Maureen
McNichols, Kasper Meisner Nielsen, Laurens Swinkels, and participants at the Vaasa Conference on Ac-
counting and Accountability for Climate Change, the 8th EU PAB Developer Community Workshop, and
the Research Seminar at Robeco for helpful discussions and comments. We would like to acknowledge finan-
cial support from the Economic and Social Research Council (ESRC) North West Social Science Doctoral
Training Partnership (NWSSDTP) CASE Studentship. Note that this paper expresses the authors’ views
which do not necessarily coincide with those of Robeco.

†Corresponding author, Email: l.he6@lancaster.ac.uk

mailto:l.he6@lancaster.ac.uk


1 Introduction

Climate policy imposes increasing financial constraints on firms, especially in carbon-

intensive sectors. This raises a central question in asset pricing: do equity markets reward

or penalize firms for their carbon exposure? In Europe, the primary mechanism for pricing

carbon is the EU Emissions Trading System (EU ETS), a cap-and-trade program covering

over 10,000 installations across the electricity, heat generation, industrial manufacturing, and

aviation sectors, accounting for over 40% of the European Union’s emissions. By restricting

the supply of carbon allowances and enabling trading, the EU ETS imposes a direct and

measurable cost on emitting firms. While economic costs of compliance are clear, it remains

an open question whether financial markets treat this exposure as a priced risk factor.

The financial exposure created by the EU ETS is one example of what is broadly referred

to as carbon risk. This risk captures the potential costs companies may incur due to carbon

emissions, whether through regulation, compliance, or reputational pressures. Carbon risk is

often considered a component of transition risk, which reflects the broader economic impact

of the shift toward a low-carbon economy. Firms with high carbon intensity may face higher

operating costs, regulatory penalties, or asset impairments. While these risks have clear

implications for valuation, existing evidence on whether they are priced in stock markets

is mixed: some studies report that green stocks outperform brown stocks, others find the

opposite, and still others detect no systematic difference. Eskildsen, Ibert, Jensen, and

Pedersen (2024) attribute these divergent findings to differences in greenness definitions,

data handling, and test design.

To address this ambiguity, we examine a more concrete dimension of climate exposure:

the pricing of carbon risk in European equity returns. The European market serves as a

unique empirical setting for this investigation, as it hosts the EU ETS, the world’s first

and largest emissions trading system. This framework offers a distinct advantage through

its observable carbon price dynamics and verified emission and surrender data, enabling us

to analyze mandatory compliance obligations. Leveraging these features, we employ two
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complementary measures: a forward-looking, market-based indicator as well as a realized

accounting based measure. The first is given by the change in the one-year forward conve-

nience yield in the carbon futures market, which reflects carbon market investor expectations

about future allowance prices changes. The second is a firm-level accounting measure that

captures the actual financial burden of carbon compliance, calculated as the ratio of carbon

expenses to key income statement items. By examining both, expected and realized costs,

we test whether either dimension of carbon risk is reflected in stock returns.

The EU ETS was launched in 2005 and is currently in its fourth phase, which runs from

2021 to 2030. Our analysis focuses on Phases 3 and 4, covering the period from 2013 to

2024. The first two phases are excluded due to structural limitations. Specifically, Phase 1

(2005 to 2007) was a pilot period with substantial overallocation of allowances, while Phase

2 (2008 to 2012) coincided with the global financial crisis which prompted major regulatory

reforms that informed Phase 3. Hence, structural features of Phase 1 and 2 undermine the

consistency and reliability of early carbon price signals, making Phase 3 a more appropriate

starting point for studying asset pricing effects.

Our analysis focuses on firms in the STOXX Europe 600 index, including large-, mid-,

and small-cap companies across 17 European countries. To measure market-based carbon

risk, we examine pricing in the carbon futures market, where EU Allowances (EUAs) are

actively traded on the Intercontinental Exchange (ICE). We begin by documenting a strong

upward trend in EUA futures prices, which rose from under e10 in 2013 to nearly e70 by

2024. This rise reflects increasing regulatory stringency and a tightening carbon market,

making futures prices a meaningful source of forward-looking carbon risk information.

The one-year forward convenience yield is calculated using the cost of carry model, sub-

stituting the spot and future with the prompt- (current) and front-year December contract

due to the varying time to maturity of futures. We find that the annualised convenience yield

remains persistently below –1% throughout the sample period. This negative yield would

be a counterintuitive result for physical commodities, but it is consistent with findings from
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earlier studies on the EU ETS by Trück and Weron (2016), Bredin and Parsons (2016),

Palao and Pardo (2021), and Swinkels and Yang (2023). In standard commodity markets,

the convenience yield represents the benefit of holding the underlying asset and is expected

to be positive by construction. In the context of the EU ETS, since it is virtually cost-less

to hold this digital allowance, there should not be a storage cost. Hence we interpret the

persistently negative yield as an indicator that market participants expect carbon allowance

prices to rise over the following year. This forward-looking pattern motivates that our use

of the change in convenience yield can serve as a market-implied signal of carbon risk, re-

flecting investor expectations of a more stringent regulatory environment with higher future

compliance costs for emitting firms.

To test if this market-implied carbon risk is priced, we estimate stocks’ sensitivity (beta)

to the change in convenience yield using a 3-year rolling window. In our framework, a more

positive beta signifies greater exposure to carbon transition risk, as these stocks perform

poorly when the risk of a low-carbon transition grows (as the convenience yield is consis-

tently negative, a negative change means that the convenience yield is further widening,

corresponding to higher carbon transition risk).

We find that this carbon risk is indeed priced in the European market. In the broad

STOXX Europe 600 constituents sample, a portfolio that buys stocks with the highest carbon

risk and sells those with the lowest risk generates a significant mean monthly return of 0.85%,

with a multi-factor alpha of 1.00%. Similarly, when we focus on the subsample of firms with

direct EU ETS exposure and carbon solution providers as constructed in Fuchs, Stroebel,

and Terstegge (2024), we find a comparable risk premium.

We also examine an accounting-based measure of carbon risk by estimating firm-level

carbon expense ratios under the EU ETS. Using installation-level data from the Union

Registry, we aggregate verified emissions to listed firm level and multiply them by the average

annual spot price of allowances. These carbon expenses are then scaled by net revenue, gross

income, and operating income to assess their financial materiality. In the financial year of
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2023, firms in the top quartile of carbon expense intensity faced carbon expenses greater

than or equal to 1.4% of revenue, 5.1% of gross income, and 12.4% of operating income. In

heavily regulated sectors such as Materials, these ratios were substantially higher, reaching

5%, 17%, and 50%, respectively. These magnitudes suggest that for many firms, carbon

compliance imposes a non-trivial drag on profitability.

To test whether these realized carbon expense ratios are reflected in stock prices, we

conduct portfolio sorts on the firms with direct EU ETS exposure. While the return spread

between firms with the highest and lowest carbon expense intensity is positive, it is not sta-

tistically significant. This finding is robust across different expense measures, after adjusting

for sector-neutrality, and in multi-factor models that yield insignificant alphas. Together,

these findings indicate that carbon expense intensity, despite its financial relevance, is not

yet priced in the European equity market.

The key contribution of this study is the proposal of two distinct and complementary

measures of carbon risk: a forward-looking, market-based indicator, the change in carbon

convenience yield, and a realized, accounting-based metric, the carbon expense ratio. As

the field of climate finance expands, a variety of climate risk proxies have been developed.

As summarised in Table 1 of Eskildsen et al. (2024), the most commonly used “greenness”

measures in academic research are sourced from Trucost, MSCI, Sustainalytics, and the

Toxics Release Inventory (TRI). Trucost, used by studies such as Bolton and Kacperczyk

(2021), Aswani, Raghunandan, and Rajgopal (2024), Zhang (2025), Ardia, Bluteau, Boudt,

and Inghelbrecht (2023), and Matsumura, Prakash, and Vera-Munoz (2014), is published by

S&P and largely based on company-reported Scope 1 and Scope 2 emissions, supplemented

by proprietary estimation models. MSCI and Sustainalytics ESG scores, used in Engle,

Giglio, Kelly, Lee, and Stroebel (2020) and Pedersen, Fitzgibbons, and Pomorski (2021),

are ratings produced by commercial providers. TRI, used in Hsu, Li, and Tsou (2023) and

Akey and Appel (2021), is maintained by the U.S. Environmental Protection Agency and

focuses on toxic chemical releases and pollution-prevention activities. Except for TRI, most
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greenness data originate from for-profit third parties with complex methodologies, which may

invite question about data quality (Swinkels and Markwat, 2023), introduce biases (Berg,

Kölbel, and Rigobon, 2022) and raise concerns about potential greenwashing (Berg, Fabisik,

and Sautner, 2021).

Another stream of literature develops text-based measures to capture climate risk. For

instance, Engle et al. (2020) construct the Wall Street Journal Climate Change News In-

dex to capture media attention, while Sautner, Van Lent, Vilkov, and Zhang (2023) extract

climate-related keywords from corporate earnings calls to quantify firm-specific exposure.

Although such approaches offer valuable insights, they face limitations. News-based indica-

tors may be influenced by the “news value” principle (Galtung and Ruge, 1965; Harcup and

and O’Neill, 2001), which biases coverage toward acute, event-driven issues and underrep-

resents slow-moving but persistent risks such as climate change. At the same time, reliance

on company presentations and more broadly self-reporting remains vulnerable to reporting

inconsistencies and greenwashing. In contrast, our two proposed measures are grounded in

observable market activity and audited operational data. The carbon convenience yield is

derived from carbon futures prices, capturing forward-looking investor expectations. For our

second measure, the carbon expense ratio, we rely on verified emissions data rather than

estimates. Crucially, as the registry does not explicitly link installations to listed companies,

we construct a proprietary mapping through a rigorous fuzzy-matching algorithm followed by

manual verification. This granular approach overcomes the opacity of black-box estimation

models and ensures our proxy captures the actual legal compliance obligations of the firms.

Together, these measures offer a more direct and transparent lens on how carbon risk is both

anticipated and borne by firms in financial markets. Moreover, they explicitly address tran-

sition risk from a policy/legal as well as from a market perspective. By identifying carbon

carbon expenditures within the income statement, they shed light on the financial impact

of carbon exposure, as outlined by the Task Force on Climate-Related Financial Disclosures

(2017).
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A related study by Fuchs et al. (2024) develop a Carbon VIX from options prices on

carbon allowances. They show that the stock returns of carbon solution providers vary

positively with carbon prices and negatively with carbon price uncertainty, as proxied by

the Carbon VIX, providing another example of a market-implied measure of carbon risk.

The key distinction between the carbon convenience yield and the Carbon VIX lies in

both the type of information each embeds and the structure of the underlying market. First,

the carbon convenience yield captures directional information, the widening or narrowing of

the spread between prompt and front futures, whereas the Carbon VIX measures variance

without a directional signal. Second, the market participation base differs. While options

volumes have grown, representing 27% of total notional in December 2021 according to

Figure 21 of ESMA (2022), futures still dominate at 53%. Moreover, the holder composition

varies substantially. As shown in Figure 56 of ESMA (2022), nearly 100% of volumes held

by compliance entities and other non-financial participants are futures, whereas options are

predominantly held by investment firms, credit institutions, and funds. This difference in

market structure suggests that the futures market reflects a broader spectrum of market

participants, especially from the actual “consumers” of allowances, that is, the firms subject

to compliance obligations. Consequently, the carbon convenience yield may offer a more

representative and policy-relevant signal of transition risk in addition to volatility-based

measures derived from financial intermediaries’ trading.

Importantly, our study contributes to the growing debate on whether carbon risk is priced

in the stock market. Hsu et al. (2023) argue that, in theory, brown stocks should offer a

pollution premium due to their greater exposure to transition risk. However, empirical results

have been mixed. A key study by Bolton and Kacperczyk (2021) finds that firms’ absolute

emissions are reflected in stock returns, whereas carbon intensity is not. This finding has

been challenged by more recent work. Aswani et al. (2024) show that the results in Bolton

and Kacperczyk (2021) are driven by vendor-estimated emissions rather than firm-disclosed

data, and argue that carbon intensity is a more appropriate measure of carbon exposure.
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Zhang (2025) further finds that the documented carbon premium may stem from data release

lags, and once those are accounted for, carbon risk appears to carry a negative premium in

U.S. markets. Building on this debate, our study introduces two alternative measures of

carbon risk: the change in carbon convenience yield and carbon expense ratios, the latter

of which can also be interpreted as intensity-based. We find evidence that the first proxy

is priced in the broad STOXX Europe 600 universe as well as in the subset of firms with

EU ETS exposure. Conversely, the carbon expense ratio is not yet priced in the group with

direct exposure to EU ETS.

Our study also contributes to the literature on the EU ETS and the pricing of carbon

allowances. One major strand of this literature examines the determinants and dynamics

of carbon prices. For example, Mansanet-Bataller, Pardo, and Valor (2007) use data from

the first year of Phase 1 (2005) and show that changes in Brent crude oil and natural gas

prices, as well as extreme temperatures, influence carbon prices. Alberola, Chevallier, and

Chèze (2008) extend the analysis to the full Phase 1 (2005–2007) period, confirming these

findings and identifying two structural breaks that altered the fundamental drivers of carbon

prices. Chevallier (2009) study macroeconomic risk factors and report that neither T-bill

yields nor excess returns on a global commodity portfolio significantly affect carbon futures

returns, suggesting that participants in the carbon market behave differently from those in

broader financial markets. More recently, Batten, Maddox, and Young (2021) focus on Phase

3 and find that oil, coal, and electricity prices, along with the clean spark spread, jointly

explain variation in carbon prices. Ye and Xue (2021) propose a dictionary-based carbon

tone index and show that it has predictive power for carbon price returns. Another line

of research seeks to improve the modelling of carbon price dynamics. For example, Lutz,

Pigorsch, and Rotfuß (2013) apply a Markov regime-switching GARCH model to capture

shifts in the data-generating process during economic shocks. Zhu, Ye, Han, Wang, He, Wei,

and Xie (2019) develop a multiscale decomposition model that groups carbon price drivers

into economically meaningful categories, improving in-sample fit.
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Most relevant from the extant EU ETS literature, the persistence of a negative carbon

convenience yield has been also documented by Trück and Weron (2016), Bredin and Parsons

(2016), and Palao and Pardo (2021), and is discussed in greater detail in Section 4.2. We

confirm this empirical pattern using data until Phase 4 of the EU ETS. However, rather than

modelling the drivers of the convenience yield itself, we reinterpret it as a forward-looking

proxy for carbon transition risk and test whether this market-based signal is priced in the

cross-section of European stock returns.

The remainder of the paper is structured as follows. Section 2 provides background on

the EU Emissions Trading System. Section 3 describes the data sources, including EUA

futures data, installation- and firm-level emissions records, and financial statement items.

Section 4 introduces the carbon convenience yield, detailing its construction and examining

its role as a market-implied signal of carbon risk. Section 5 presents the carbon expense

ratio as a firm-level accounting-based measure and analyses its financial relevance. Section

6 concludes the paper.

2 EU ETS

The EU Emissions Trading System (EU ETS) was established as a policy response to the

Kyoto Protocol adopted in 1997 to meet emissions reduction targets. The concept was first

introduced by the European Commission in 2000, with the Directive formally adopted in

2003. Launched in 2005, the EU ETS is the first and currently largest carbon market in the

world. It covers emissions from electricity and heat generation, industrial manufacturing,

and aviation sectors, with around 10,000 installations, accounting for approximately 40% of

total greenhouse gas (GHG) emissions in the EU. The EU ETS operates under a cap and

trade principle, where a limit is set on the total amount of GHG that can be emitted by

all installations covered by the system. This cap is reduced annually in line with the EU’s

climate targets.
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Participating installations are required to monitor and report their annual emissions,

which must be matched by surrendering an equivalent amount of allowances. If the surren-

dered allowances fall short of actual emissions, substantial fines apply, currently set at e100

per excess tonne. Allowances are primarily distributed through auctions, although some com-

panies receive free allocations, for sectors with the highest risk of relocating their production

outside of the EU, and to modernise the energy sector. These allowances can be traded on

the market, allowing firms that reduce emissions to sell or bank surplus allowances.1

This mechanism ensures that polluters bear the cost of their greenhouse gas emissions,

while providing financial incentives for emission reductions. Revenues generated from al-

lowance auctions are allocated to EU Member States to support green transition initiatives,

creating a reinforcing cycle aimed at achieving climate neutrality by 2050.

After its establishment, the EU ETS has evolved through several phases, each marked

by changes in coverage scope, allocation methods, and regulatory specifications. Phase 1

(2005–2007) served as a pilot phase focused on developing the necessary infrastructure for an

operational trading system. During this phase, only power generators and energy-intensive

industries were in scope. However, because the emissions cap was set based on estimations

without verified data, the supply of allowances far exceeded demand. Combined with the

near-universal free allocation of allowances, this oversupply led to a collapse in carbon prices,

which dropped to zero in 2007.

Phase 2 (2008–2012) aligned with the first commitment period of the Kyoto Protocol.

With verified emissions data from Phase 1, the cap was tightened, and a portion of allowances

began to be auctioned instead of entirely allocated for free. Despite this progress, the global

financial crisis in 2008 caused a significant drop in industrial activity, resulting in a persistent

surplus of allowances. Although the fine for non-compliance was raised to e100 per excess

1The ability to trade and bank allowances has attracted financial participants, transforming EUAs into
a financial instrument. A related strand of literature examines EUAs as an investable asset class, exploring
their diversification benefits and hedging properties (e.g., (Medina and Pardo, 2013); (Afonin, Bredin, Cuth-
bertson, Muckley, and Nitzsche, 2018); (Demiralay, Gencer, and Bayraci, 2022); (Swinkels and Yang, 2023)).
In contrast, our study focuses on the asset pricing implications for the firms regulated by this system, rather
than the investment properties of the allowances themselves.

10



tonne of emissions, the oversupply continued to depress carbon prices.

Phase 3 (2013–2020) introduced substantial reforms. Auctions became the primary

method for distributing allowances, replacing the previous default of free allocation. The

scope of the system expanded to include additional sectors and gases, improving market

depth and coverage. The Market Stability Reserve (MSR) was introduced to address the

structural surplus of allowances that had accumulated in earlier phases, helping to support

price stability.

Phase 4 (2021–2030) largely continues the regulatory structure introduced in Phase 3,

with a progressively declining cap to meet the EU’s climate targets. In this phase, up to

57% of allowances are distributed via auction, while the remainder are allocated for free,

consistent with the goals outlined in the “Fit for 55” legislative package, as to reduce EU

GHG emission by at least 55% comparing with 1990 levels by 2030.2

As the first and largest carbon market in the world, covering the entire EU area, the EU

ETS provides an important framework for understanding carbon pricing and its implications

for firm operations and financial markets. Since both the regulatory structure and the price

dynamics underwent significant reforms between Phase 2 and Phase 3, and given that the

current framework is expected to remain in place for the foreseeable future, this study focuses

on the period from the beginning of Phase 3 in 2013 through to the end of 2024.

3 Data

3.1 EUA Futures

We source the data related to the carbon market from multiple platforms. The secondary

market for EU Allowances (EUAs) is primarily facilitated through two exchanges: the ICE

Endex (ICE) and the European Energy Exchange (EEX). Both platforms offer a range of

futures contracts, including daily futures, monthly futures for the current and next two

2For the “Fit for 55” package see https://www.consilium.europa.eu/en/policies/fit-for-55/
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months, quarterly futures, and December futures. Among these, the ICE daily futures

(treated as spot prices due to their daily expiry) and the ICE December futures are used in

this study, primarily due to their superior liquidity.

Figure 1 presents the trading volumes of these contracts in continuation form, where each

series automatically rolls over to the next available contract upon expiry. The data clearly

show that ICE December futures consistently exhibit the highest trading volume, compared

with both ICE and EEX monthly contracts. Notably, the spikes in volume for monthly

continuations toward year-end correspond to the rollover from November to December con-

tracts. The figure also highlights ICE’s dominant position in the EUA market compared

to EEX. According to ESMA (2022), “ICE Endex has a dominant position with 85% of the

total positions while EEX holds the remaining 15%”.

Figure 1. EUA Secondary Market Trade Volume. This figure compares the trade
volumes of three types of EUA futures contracts over the period from 2013 to 2024: the
December contract traded on ICE (ICE December Continuation), the monthly contract
traded on ICE (ICE Monthly Continuation), and the monthly contract traded on EEX
(EEX Monthly Continuation).
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Despite the disparity in trading volumes, the price differential between exchanges has

remained close to zero since mid-2015, with only nine instances exceeding e0.05 (less than

0.2% as the prices were over e30 at those times) over the period. Therefore, using ICE

December futures in this analysis does not introduce any material bias. EUA futures data

are retrieved from Refinitiv.

3.2 Euro Area Interest Rate

In constructing the convenience yield, an appropriate forward-looking risk-free rate is

required. Unlike the United States and other countries where Treasury securities, issued by

national governments and backed by full faith and credit, are readily available and reliable

proxies, the European Commission only began issuing EU-Bills in September 2021, making

them unsuitable for the full sample period of this study.3

Furthermore, because the futures contracts used in this analysis have time to expiration

spanning months or years, short-term overnight rates such as the Euro Overnight Index

Average (EONIA) and its successor, the Euro short-term rate (eSTR), are not adequate

substitutes. Although German Bunds are often used as a Euro area benchmark, relying on

German Bunds would be inappropriate given the wider geographic coverage of the EU ETS,

which includes multiple member states.

To address this, our study employs Euro area yield curves for AAA-rated bonds, as esti-

mated by the European Central Bank (ECB). These curves are based on central government

bonds with AAA ratings across the Euro area and are published daily on the ECB’s official

website.4

3For EU funding instruments see https://commission.europa.eu/strategy-and-policy/eu-budget/
eu-borrower-investor-relations/funding-instruments_en

4For Euro area yield curves see https://www.ecb.europa.eu/stats/financial_markets_and_

interest_rates/euro_area_yield_curves/html/index.en.html
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3.3 EU ETS Installations

All EU ETS installation-level data are recorded in the Union Registry (UR), which has

replaced the EU Transaction Log (EUTL) as of 2025. An installation refers to a specific

production site or facility, a factory for example, that directly emits greenhouse gases. Each

installation is linked to an operator account, which is held by the company directly respon-

sible for the site. Verified emissions are reported, and allowance transactions (including

holdings and surrenders) are conducted at the operator account level.

On the UR, the relationship between installations and operator account holders is ex-

plicitly defined, and a single account holder can be linked to multiple installations. A key

challenge for this study is mapping these account holders to publicly listed parent companies,

as such mappings are not readily disclosed in the registry. Since asset pricing research re-

quires emissions exposure to be aggregated at the listed company level, a two-step matching

procedure is used. First, we apply a fuzzy match algorithm to link UR operator account

names to company names in Refinitiv. Second, we manually review all candidate matches

with a similarity score above 80 (100 stands for exact match) to ensure accuracy and elim-

inate false positives. This process yields a verified mapping between operator accounts and

publicly listed firms, enabling firm-level estimation of carbon exposure.

3.4 Stock Universe

The STOXX Europe 600 is widely regarded as the key benchmark for the European

stock market, and, therefore, it is the stock universe of choice for this study. Comprising 600

constituents, this index includes small-, mid-, and large-cap securities across 17 European

countries and 11 industries, representing approximately 90% of the free-float market capi-

talization in the region.5 Throughout this study, we use the exact constituent of STOXX

5For STOXX Europe 600 see https://stoxx.com/index/sxxp/. A broader index such as the STOXX
Europe Total Market, or an even more expansive universe, is not adopted due to the prevalence of multiple
listings across European exchanges. Such duplication would introduce noise and ambiguity in matching
publicly listed firms to EU ETS account holders, as discussed in Section 3.3.
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Europe 600 through time to avoid any survivorship bias.

The EU ETS does not apply uniformly across all firms or sectors in Europe. Instead, it

targets emissions from specific activities, primarily electricity and heat generation, industrial

manufacturing, and aviation. As a result, the sector composition of STOXX Europe 600

constituents with EU ETS operator accounts differs structurally from that of the full index.

Figure 2 compares the sector distribution between the full STOXX Europe 600 and the

subset of firms with ETS operator accounts by the end of 2024. The ETS-exposed subset

is notably concentrated in manufacturing-related sectors such as Materials, Utilities, and

Energy, which together represent over 41% of the sample, compared to less than 17% in the

full index. This concentration is balanced by a reduction in the representation of service-

oriented sectors like Financials, Information Technology, Real Estate, and Communication

Services, which collectively decrease of 25% from the full sample to the ETS-exposed group.

This shift in sector composition has two implications for the analysis that follows. First,

it motivates the use of sector-neutral portfolio sorts in Section 4.3 and 5.2 to ensure that

return patterns are not driven by sector effects. Second, it provides context for the sector-

level carbon expense ratios presented in Section 5.1.

Monthly return, market capitalisation, yearly net revenue, gross income, and operating

income data are obtained from Refinitiv. We follow Ince and Porter (2006) in processing

the return data. Value-weighted European Fama-French factors are retrieved at a monthly

frequency from the Kenneth French Data Library.6 All values not initially denominated in

Euro are converted with ECB foreign exchange rate reference rates.7

6See: https://mba.tuck.dartmouth.edu/pages/faculty/ken.french/data_library.html
7See: https://www.ecb.europa.eu/stats/policy_and_exchange_rates/euro_reference_exchange_

rates/html/index.en.html
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Figure 2. Sector Weights: STOXX Europe 600 sample vs. firms invloved in
the EU ETS. This figure compares the sectoral distribution of firms in the full STOXX
Europe 600 sample and the subset involved in the EU ETS by the end of 2024. The sectors
are sorted by the weight difference between the subsample with ETS exposure and the full
sample.

4 Carbon Price and Carbon Convenience Yield

4.1 Carbon Price

Figure 3 plots the ICE EUA Daily Futures price over the period from 2013 to 2024. Its

price trends can be broadly divided into several distinct phases. From 2013 through the

end of 2017, prices remained at single-digit levels, possibly reflecting a persistent market

surplus following the overallocation of allowances in earlier phases of the EU ETS. A notable

upward shift began in 2018, coinciding with the establishment of the Market Stability Reserve

(MSR), which was designed to absorb excess allowances and may have contributed to rising

price expectations. Prices doubled to exceed e20 per tonne and remained relatively stable

between e20 and e30 until the onset of the COVID-19 pandemic in early 2020, when a
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temporary drop in industrial activity likely contributed to a brief decline below e20. A sharp

rally followed, with prices reaching approximately e95 by early 2022, an increase of nearly

fivefold in two years. This surge may have been influenced by strengthened EU climate policy

initiatives, such as the “Fit for 55” package, as well as the 2021 to 2022 energy crisis, which

saw elevated gas prices and a shift toward coal consumption, potentially increasing short-

term EUA demand. Notably, under current regulation, EUA prices are unlikely to exceed

e100 per tonne, as firms face a fixed penalty of e100 per tonne of excess emissions without

allowance coverage. After a year of heightened volatility, the market entered a descending

channel in early 2023, declining from e95 to around e50. Prices partially recovered in 2024,

generally trading in a range between e60 and e70.

Figure 3. ICE EUA Daily Futures Price. This figure displays the ICE EUA Daily
Futures price, commonly considered a proxy for the spot price of EU carbon allowances, over
the period from 2013 to 2024.
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4.2 Carbon Convenience Yield

The cost of carry model is a standard approach for linking spot and futures prices in

commodity markets. It relates the futures price to the spot price by incorporating the

opportunity cost of capital and the benefits and costs of physically holding the underlying

asset. The relationship is given by:

Ft,T = St × e(rt,T+sct,T−cyt,T )(T−t) (1)

where Ft,T is the futures price on day t, with maturity date T ; St is the spot price on day

t; rt,T is the risk-free rate over the interval from t to T ; sct,T is the storage cost over that

period; and cyt,T is the convenience yield.

In traditional commodity markets, the convenience yield represents the non-monetary

benefits of physically holding the asset, such as inventory flexibility and protection against

supply disruptions. These benefits compensate for storage costs, and the convenience yield is

typically positive by definition. However, carbon allowances are not physical goods. They do

not incur storage or transportation costs, and the cost is generally treated as zero, simplifying

model (1) to:

Ft,T = St × e(rt,T−cyt,T )(T−t) (2)

Three structural features of the EU ETS are worth considering when examining the rela-

tionship between spot and futures carbon prices, and in particular, the expected sign of the

convenience yield. First, the system operates on a fixed annual compliance cycle: regulated

firms are required to surrender allowances in April each year to cover verified emissions from

the previous calendar year. As a result, compliance demand is concentrated in the spring,

but allowances acquired at any point before April satisfy the obligation equally. Second, the

annual cap, i.e., the total quantity of allowances issued, is predetermined before the start of

each ETS phase and is known years in advance of the compliance cycles. Adjustments to the
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cap through the MSR mechanism are also rule-based and transparent, determined with the

reference point of Total Number of Allowances in Circulation (TNAC) typically published

each May. Moreover, auction schedules are normally available before August, both to take

effect the following year. This transparency and advance planning reduce policy uncertainty

around short-term supply. Third, banking of allowances is unrestricted after 2013: EUAs

held in operator accounts do not expire and may be carried forward indefinitely. Although

banking was in place from 2008, the transition from Phase 2 to Phase 3 did not allow

carryover; this constraint no longer applies since 2013.

Taken together, these institutional features imply that there is limited additional value

to immediate access to allowances. Production plans are determined by emitters themselves,

compliance deadlines are predictable, short-term supply shocks are unlikely to happen, and

the value of allowances does not deteriorate over time. Hence, one may hypothesize that in

an efficient market, futures prices should exceed spot prices only by the time value of money.

Under this condition, the convenience yield should be close to zero.

Nevertheless, there are plausible conditions under which the convenience yield could be

positive. For instance, a temporary mismatch between near-term compliance demand and

short-term supply availability could arise, particularly in the spring, as firms finalize verified

emissions and prepare to surrender allowances towards March and April. This seasonal

concentration of compliance activity may create localized scarcity, increasing the value of

immediate access to allowances.

Another theoretical justification for a positive convenience yield lies in regulatory risk. If

market participants perceive a non-negligible probability of unexpected supply restriction,

such as unanticipated MSR tightening or politically driven intervention, they may assign a

premium to holding allowances today rather than relying on future delivery. In this case,

a positive convenience yield could reflect a risk premium for short-term policy surprises.

However, such conditions have not been observed in the history of the EU ETS.

A third hypothesis considers the possibility of a negative convenience yield, which is coun-
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terintuitive in the traditional commodity framework, where the convenience yield is typically

positive. However, the carbon market differs fundamentally from physical commodity mar-

kets. Allowances are fully bankable, without need to be stored in the traditional sense, and

not tied to production. As such, the concept of “convenience” does not relate to inventory or

operational needs, but rather to the market’s expectations of future regulatory conditions.

In this context, a negative convenience yield reflects the expectation that allowance prices

will rise over time, due to ongoing cap reductions, declining free allocations, and tightening

climate policy. It signals anticipated future scarcity, not current shortage. The convenience

yield therefore reflects the slope of the carbon futures curve, and a negative value indicates

that forward prices exceed spot prices by more than what can be explained by the time value

of money alone.

Since the future price Ft,T , spot price St, and risk-free rate rt,T can be directly observed

or implied from the market, the convenience yield can be expressed as:

cyt,T = rt,T − ln(Ft,T )− ln(St)

T − t
(3)

In practice, a key challenge is the changing time to maturity between spot and futures

contracts. Although monthly contracts exist, trading is concentrated in December deliv-

eries (Figure 1). As the December contract approaches expiry, the time horizon shrinks,

then abruptly jumps to nearly one year after rollover, creating inconsistency. To address

this, we compute the forward convenience yield using two consecutive December contracts,

maintaining a constant one-year maturity difference:

cyt,(T1,T2) = rt,(T1,T2) −
ln(Ft,T2)− ln(Ft,T1)

T2 − T1

(4)

where T1 is the expiration date of the prompt-year December contract (the contract that

expires in the current year), and T2 is the expiration date of the forward-year December

contract (the contract that expires in future years).

20



The forward interest rate rt(T1, T2) is derived from the ECB’s Euro area yield curve using

standard bond calculations:

(1 + rt,T1)
T1−t(1 + rt(T1, T2))

(T2−T1) = (1 + rt,T2)
T2−t (5)

which rearranges to:

rt,(T1,T2) =

(
(1 + rt,T2)

T2−t

(1 + rt,T1)
T1−t

)1/(T2−T1)

− 1 (6)

Figure 4 reveals that the one-year forward convenience yield is consistently negative

over the sample period, often below –1% on an annualised basis. This is economically

meaningful, especially during the long period when Euro area interest rates were near zero

or negative. Although such outcome may appear counterintuitive from a standard cost-of-

carry perspective, it is not unprecedented.

Figure 4. Forward Convenience Yield. This figure shows the one-year forward conve-
nience yield for EU carbon allowances over the period from 2013 to 2024.

21



Bredin and Parsons (2016) document a shift from positive to negative convenience yields

in the EU ETS beginning in 2008 and focus on the evolving term structure of the yield.

Trück and Weron (2016) find that the convenience yield is positively related to interest

rates, and negatively related to inventory levels and carbon market volatility, supporting

the interpretation of the convenience yield as a risk premium compensating for EUA price

uncertainty. More recently, Palao and Pardo (2021) use an extended sample to show that

financial market variables such as equity indices, bond yields, and volatility indices help

explain movements in the convenience yield, suggesting a growing role for portfolio investors

taking long positions in EUA futures and pushing up forward prices.

These findings reinforce the empirical validity of the negative convenience yield and

support our interpretation that it reflects a market-implied expectation of rising future com-

pliance costs. We therefore view the negative convenience yield as consistent with forward-

looking pricing of carbon transition risk.

While the level of the convenience yield reflects expectations, asset pricing theory suggests

that expected returns are determined by exposures to innovations in systematic risks, not

levels themselves. This is analogous to the Capital Asset Pricing Model (CAPM), where

investors are not compensated for the level of the market, but for exposure to unexpected

changes in aggregate returns. Similarly, if the convenience yield embeds expectations of

future carbon regulation, it is the unexpected revisions to those expectations, captured by

changes in the yield, that may be priced in stock returns.

Compared to changes in spot or futures prices alone, which may reflect short-term de-

mand, macro volatility, or risk premia, changes in the convenience yield isolate relative shifts

in regulatory expectations. This makes the change in the forward convenience yield a cleaner

and theoretically consistent proxy for carbon transition risk shocks.

We now formalize this interpretation by examining the structure of changes in the forward

convenience yield. Define:
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∆cyt,(T1,T2) = cyt,(T1,T2) − cyt−1,(T1,T2) (7)

Using a first-order Taylor expansion:

∆cyt,(T1,T2) ≈
∂cy

∂FT2

∆FT2 +
∂cy

∂FT1

∆FT1 +
∂cy

∂r
∆r (8)

where the partial derivatives are:

∂cy

∂FT2

= − 1

(T2 − T1)FT2

,
∂cy

∂FT1

=
1

(T2 − T1)FT1

,
∂cy

∂r
= 1 (9)

Substituting these into equation (8) gives:

∆cyt,(T1,T2) ≈ − 1

(T2 − T1)Ft−1,T2

∆FT2 +
1

(T2 − T1)Ft−1,T1

∆FT1 +∆r (10)

This decomposition shows that changes in the forward convenience yield are driven by

relative movements in prompt and front futures prices, adjusted for their levels, normalized

by maturity, and net of interest rate changes. This structure filters out common trends in

the futures curve and reflects regulatory outlook changes, offering a cleaner proxy for carbon

transition risk than raw price movements.

4.3 Portfolios Sorts on Sensitivity to Change in Carbon Convenience Yield

Building on the preceding interpretation, we test the hypothesis that carbon transition

risk is a priced factor in European equity markets, using the change in one-year forward

convenience yield as our market-based proxy. An increase in the risk, such as in anticipa-

tion of tighter EU ETS regulation, corresponds to a steepening of the futures curve and a

more negative forward convenience yield. Consequently, firms with significant exposure to

carbon-intensive activities face higher expected compliance costs. In a standard asset pricing

framework, if this transition risk is systematic and priced by investors, affected firms should

23



command higher expected returns as compensation for bearing this additional risk.

Our empirical approach employs a two-step portfolio sorting methodology. First, we

estimate firm-level factor loadings, or betas (β
rcy
i ), by regressing monthly excess stock returns

on the monthly change in one-year forward convenience yield. The time-series regression for

each firm i is specified as:

Ri,t −Rf,t = αi + β∆cy
i ×∆cyt + ϵi,t (11)

where Ri,t is the return of stock i in month t; Rf,t is the risk-free rate; and ∆cyt is the

monthly change in one-year forward convenience yield in month t. The resulting beta, β∆cy
i ,

quantifies each firm’s sensitivity to our carbon risk proxy.

For our main analysis, we define a 3-year (36-month) rolling lookback period. Betas are

estimated using data from the first 35 months of this period, which excludes the month

immediately preceding the holding period as the portfolio formation period to prevent any

look-ahead bias. Given that our sample spans only 12 years, this estimation period seeks

to balance statistical power with the ability to capture time-variation in the betas. The

resulting portfolios are held for one month and rebalanced monthly. To ensure our findings

are robust to these specifications, we also test alternative configurations, including a 2-year

(24-month) estimation period with a one-month holding period and a 3-year (36-month)

estimation with a three-month holding period.

In the second step, we use the estimated betas to sort stocks into quantile portfolios.

We then calculate the average monthly excess returns for these portfolios using both value-

and equal-weighted schemes, and test the high-minus-low spread for statistical significance.

To confirm that this spread represents a distinct risk premium not captured by established

factors, we regress the portfolio returns on a multi-factor model to estimate alphas:
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Rj,t −Rf,t = αj +
5∑

k=1

βFFk
j × FFk,t + βMOM

j ×MOMt

+ β
RCarbon Spot

j ×RCarbon Spot,t + βROil
j ×ROil,t + ϵj,t

(12)

where Rj,t is the return of portfolio j; the FFk,t terms are the five European Fama-French

factors (market, size, value, profitability, and investment); MOMt is the momentum factor;

and RCarbon Spot,t and ROil,t are the returns on the carbon spot price and front-month oil

price in excess of the risk free rate, respectively.

Table 1 reports the average monthly excess returns for European STOXX Europe 600

stock portfolios, with constituents of the portfolio formation period, sorted by their carbon

transition risk exposure. The central finding is that the high-minus-low spread portfolio

yields a consistently positive and statistically significant return. This result holds across

the various estimation periods, holding periods, and weighting schemes. Under our primary

specification, which uses a 36-month estimation period with sector-neutral, value-weighted

portfolios (Panel A, column 3), the high-minus-low spread is 0.85% per month. Further-

more, the quintile portfolios exhibit a generally monotonic pattern, with average returns

increasing as carbon transition risk sensitivity increases. Because the high-minus-low spread

is significantly positive, it follows that the portfolio of stocks with higher exposure to carbon

transition risk (high beta) is expected to earn a significantly higher return than the portfolio

of hedge stocks (low beta). This outperformance is consistent with a carbon risk premium,

where investors demand higher compensation for bearing such exposure.
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Table 1. Carbon Convenience Yield Risk Premia: STOXX Europe 600 Constituents
This table reports average monthly excess returns (%) and t-statistics (in brackets) for quintile
portfolios of STOXX Europe 600 constituent stocks. Portfolios are formed by sorting stocks on
their carbon transition risk exposure (the order of estimated beta to the change of one-year forward
carbon convenience yield). The table shows results for both value-weighted and equal-weighted
schemes. General Quintiles are formed across the entire sample, while Sector Quintiles are first
formed within each industry before aggregation. Panels A, B, and C show results for different beta
estimation and portfolio holding period specifications.

General Quintiles Sector Quintiles
Portfolio Value-weighted Equal-weighted Value-weighted Equal-weighted
Panel A: Three Years Estimation Period with One Month Holding Period
Low 0.62 0.26 0.68 0.29

[2.01] [0.72] [2.36] [0.83]
2 0.91 0.51 0.93 0.49

[2.99] [1.46] [3.06] [1.43]
3 1.21 0.70 1.14 0.70

[3.73] [1.99] [3.64] [1.98]
4 1.30 0.81 1.28 0.84

[3.51] [2.10] [3.37] [2.16]
High 1.49 0.92 1.54 0.92

[3.04] [1.92] [3.28] [1.92]
High–Low 0.87 0.66 0.85 0.63

[2.06] [2.20] [2.35] [2.25]

Panel B: Two Years Estimation Period with One Month Holding Period
Low 0.70 0.35 0.79 0.39

[2.38] [1.03] [2.73] [1.18]
2 1.07 0.61 0.98 0.60

[3.42] [1.86] [3.41] [1.83]
3 1.06 0.61 1.03 0.62

[3.34] [1.83] [3.05] [1.82]
4 1.21 0.76 1.16 0.81

[3.29] [2.03] [3.29] [2.23]
High 1.56 1.03 1.54 0.97

[3.57] [2.30] [3.57] [2.16]
High–Low 0.86 0.69 0.75 0.58

[2.14] [2.14] [2.10] [1.95]

Panel C: Three Years Estimation Period with Three Month Holding Period
Low 0.61 0.23 0.73 0.31

[1.99] [0.64] [2.53] [0.87]
2 0.93 0.53 0.85 0.44

[3.00] [1.47] [2.90] [1.28]
3 1.16 0.69 1.19 0.71

[3.61] [2.00] [3.65] [1.99]
4 1.20 0.76 1.19 0.83

[3.18] [1.92] [3.24] [2.20]
High 1.58 0.97 1.51 0.92

[3.21] [2.07] [3.20] [1.93]
High–Low 0.97 0.74 0.78 0.61

[2.24] [2.46] [2.07] [2.14]
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We next examine whether this return premium persists after controlling for exposures

to common factors. Table 2 presents the resulting alphas and factor loadings from the

multi-factor regression for our primary specification. The key result, shown in the last

column of the table, is that the high-minus-low portfolio generates a statistically significant

alpha of 1.00% per month. This demonstrates that the outperformance of high carbon risk

exposure stocks is not explained by exposure to standard market, size, value, profitability, or

investment factors, nor by momentum or direct energy price shocks. The persistence of this

alpha suggests that our change in convenience yield proxy captures a priced risk dimension

distinct from other documented factors in the European equity market.

Table 2. Multi-Factor Model Regressions for STOXX Europe 600 Stock Portfolios
Sorted by Carbon Convenience Yield Change Beta. This table reports the monthly alphas
(%) and factor loadings from multi-factor time-series regressions of the quintile portfolio excess
returns. The portfolios are the value-weighted, sector-neutral quintiles from our main specification
(3-year estimation period and 1-month holding period), which are formed by sorting stocks on their
carbon transition risk exposure (the order of estimated beta to the change in one-year forward
carbon convenience yield). The independent variables in the regression model include the Fama-
French Europe five factors (MKT, SMB, HML, RMW, CMA), a momentum factor (MOM), and the
excess returns on spot carbon and front-month oil, all converted to Euro terms. Reported values
are the regression coefficients and their corresponding t-statistics (in brackets).

Low 2 3 4 High High-Low
α 0.06 0.22 0.56 0.66 1.06 1.00

[0.46] [1.77] [5.87] [3.30] [3.96] [2.70]
MKT 0.86 0.92 0.96 1.06 1.15 0.29

[23.41] [36.75] [39.34] [26.16] [20.38] [3.42]
SMB -0.08 -0.13 -0.35 -0.17 -0.05 0.03

[-1.05] [-2.18] [-4.01] [-1.17] [-0.40] [0.20]
HML -0.13 -0.06 -0.03 0.04 0.19 0.32

[-1.64] [-0.77] [-0.46] [0.34] [1.35] [1.79]
RMW 0.04 0.17 0.06 -0.06 -0.32 -0.37

[0.39] [1.59] [0.52] [-0.30] [-1.21] [-1.05]
CMA 0.08 0.14 -0.18 0.11 -0.14 -0.21

[0.45] [1.40] [-1.23] [0.49] [-0.48] [-0.49]
MOM 0.01 0.08 -0.08 0.01 -0.23 -0.23

[0.20] [1.40] [-1.57] [-0.16] [-2.35] [-2.14]
RCarbon Spot 0.02 0.02 -0.02 -0.00 -0.04 -0.06

[2.84] [2.72] [-1.37] [-0.56] [-2.78] [-3.29]
ROil 0.01 0.00 0.02 -0.03 -0.01 -0.02

[1.04] [0.31] [1.98] [-1.53] [-0.53] [-0.90]
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Having established a significant risk premium in the broad market, we next test whether

this pricing is driven by the firms most directly impacted by the regulation. Given the limited

number of stocks (77 as in the first portfolio formation period and 84 as in the last period),

we sort stocks into terciles instead of quintiles. As in Table 3, the high-minus-low portfolio

return and alpha are 0.89% and 0.96% respectively, comparable while not more significant

than in the broad market index. This result suggest that investors do not regard the stocks

with direct ETS exposure being subject to higher carbon transition risk than the market.

Table 3. Returns and Alphas for EU ETS-Exposed STOXX Europe 600 Constituent
Stock Portfolios Sorted by Carbon Convenience Yield Change Beta. This table repeats
the portfolio analysis for the subsample of STOXX Europe 600 constituent firms with direct op-
erational exposure to the EU ETS. It reports results for value-weighted, sector-neutral portfolios
sorted on their carbon transition risk exposure (the order of estimated beta to the change in one-
year forward carbon convenience yield). The table presents both the average monthly excess returns
(%) and multi-factor alphas (%). The alphas and corresponding factor loadings are estimated from
a regression model that includes the Fama-French Europe five factors (MKT, SMB, HML, RMW,
CMA), a momentum factor (MOM), and the excess returns on spot carbon and front-month oil, all
converted to Euro terms. All reported values are coefficients with their corresponding t-statistics
shown in brackets.

Low 2 High High-Low
Rj,t −Rf,t 0.63 0.86 1.52 0.89

[2.33] [2.70] [3.33] [1.99]
α -0.05 0.17 0.91 0.96

[-0.25] [1.02] [3.01] [2.36]
MKT 0.88 0.93 1.12 0.23

[18.12] [15.92] [14.71] [2.29]
SMB -0.39 -0.06 -0.44 -0.05

[-3.22] [-0.56] [-2.71] [-0.24]
HML -0.07 -0.05 0.31 0.38

[-0.54] [-0.28] [1.30] [1.41]
RMW 0.31 0.37 -0.13 -0.44

[1.88] [1.72] [-0.35] [-1.13]
CMA 0.31 0.31 -0.12 -0.42

[1.26] [1.53] [-0.39] [-0.93]
MOM 0.07 0.07 -0.01 -0.08

[0.84] [0.98] [-0.08] [-0.52]
RCarbon Spot 0.02 0.01 -0.06 -0.07

[0.96] [0.47] [-3.17] [-2.68]
ROil -0.01 0.01 0.00 0.01

[-0.38] [0.76] [0.16] [0.40]
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To further test the validity of choosing the change in carbon convenience yield as a

proxy for carbon transition risk, we then test it on the carbon solution provider stocks as

constructed and tested by Fuchs et al. (2024). Again due to the limit of number of stocks

(79 as in the first portfolio formation period and 173 as in the last period), we sort them

into terciles in this analysis. Table 4 shows that the high-minus-low portfolio return and

alpha are 1.61% and 2.14% respectively, much higher than observed on the broad index. It

is worth noting that, carbon solution providers are sparse in terms of market capitalisation

and liquidity. So the standard error of value-weighted returns is more subject to the impact

of abrupt price change, especially from those stocks with larger market capitalisation, driving

down the t-statistics. Despite the relatively higher volatility, the highly economic significant

return and alpha are in line with the findings of Fuchs et al. (2024), that these carbon

solution providers are more exposed to carbon transition risk.

Overall, these findings suggest that the change in one-year forward carbon convenience

yield is not only meaningful from a carbon market expectations standpoint, but also carries a

significantly positive risk premium in the cross-section of European stocks. This result holds

across different stock universes (STOXX Europe 600 constituents as of the time, STOXX Eu-

rope 600 constituents as of the time with EU ETS exposure, and carbon solution providers),

and different portfolio formation methods.
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Table 4. Returns and Alphas for Carbon Solution Provider Stock Portfolios Sorted
by Carbon Convenience Yield Change Beta. This table repeats the portfolio analysis for
carbon solution providers. It reports results for value-weighted, sector-neutral portfolios sorted on
their carbon convenience yield beta. The table presents both the average monthly excess returns
(%) and multi-factor alphas (%). The alphas and corresponding factor loadings are estimated from
a regression model that includes the Fama-French Europe five factors (MKT, SMB, HML, RMW,
CMA), a momentum factor (MOM), and the excess returns on spot carbon and front-month oil, all
converted to Euro terms. All reported values are coefficients with their corresponding t-statistics
shown in brackets.

Low 2 High High-Low
Rj,t −Rf,t 0.80 1.55 2.42 1.61

[1.27] [4.78] [4.56] [2.27]
α 0.24 0.70 2.37 2.14

[0.46] [2.21] [3.09] [2.07]
MKT 1.25 1.09 0.97 -0.28

[12.39] [12.28] [6.11] [-1.54]
SMB 0.41 -0.05 0.80 0.39

[1.23] [-0.41] [2.39] [0.95]
HML -0.69 -0.27 -0.89 -0.19

[-2.32] [-1.17] [-1.57] [-0.30]
RMW 0.05 -0.22 -1.14 -1.19

[0.11] [-0.08] [-2.49] [-1.93]
CMA 0.29 0.17 0.47 0.18

[0.65] [0.48] [0.95] [0.27]
MOM -0.09 0.29 -0.31 -0.21

[-0.57] [2.32] [-1.19] [-0.68]
RCarbon Spot 0.03 0.05 -0.01 -0.04

[0.76] [2.18] [-0.35] [-0.82]
ROil -0.03 -0.06 -0.05 -0.02

[-0.84] [-1.49] [-1.36] [-0.54]
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5 Corporate Carbon Expense

Our previous results show that market-implied carbon risk is priced broadly across Eu-

ropean markets, not just within the subset of EU ETS firms. This raises a question: why

isn’t the effect stronger for directly regulated firms? One possibility is that while these firms

face direct carbon expenses, the costs may not be material enough to affect valuations. For

example, firms might pass these costs to customers or absorb them operationally. To inves-

tigate this, we now shift our focus from market expectations to realized financial burdens,

asking: Is the actual impact of carbon compliance priced in stock returns?

5.1 Ratios of Carbon Expense

The EU ETS requires installations to surrender a number of allowances equal to their

verified annual emissions by the end of April of the following year. These compliance trans-

actions are recorded in the Union Registry. Because transaction-level prices are not publicly

available, we proxy the effective carbon price using the annual average of EUA daily futures

prices. The firm-level carbon expense is computed by multiplying the number of surrendered

allowances by this annual average price. Free allocations are not netted out, since firms that

emit below their cap can sell the surplus, making the full surrender volume an appropriate

measure of economic cost.

To assess the materiality of carbon expenses, we scale each firm’s estimated annual carbon

expense by net revenue, gross income, and operating income. These three benchmarks

reflect different layers of the income statement and capture increasing levels of profitability.

Although carbon compliance costs are not separately reported, they may be embedded in

various line items, depending on how firms account for them. The stylized income statement

below illustrates how carbon expenses could be treated depending on their operational or

administrative classification:
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Gross Sales

− Returns, Discounts, and Allowances

= Net Revenue (Net Sales)

− Cost of Goods Sold (COGS)

(Carbon allowance cost may be included here if production-related)

− Depreciation/Depletion/Amortization (production-related)

= Gross Income

− Selling, General & Administrative Expenses (SG&A)

(Carbon allowance cost may be included here if treated as compliance/admin)

− R&D and Other Operating Expenses

− Depreciation/Amortization (non-production)

= Operating Income

This mapping highlights that the financial burden of carbon compliance can appear in

different places depending on whether it is treated as a production input or an administrative

cost. By evaluating expense ratios relative to multiple profitability measures, we capture a

broader view of firms’ carbon expense intensity.

One caveat in interpreting these ratios is that carbon expenses are constructed using

emissions data recorded at the installation (plant) level and then aggregated to the firm

level. However, without detailed information on each company’s internal structure and

financial reporting boundaries, it is not possible to consolidate these costs in the same manner

as official financial statements. The analysis therefore assumes that all operator accounts

linked to a firm fully contribute their carbon expenses to that firm. While this approach

may overstate or understate true consolidated costs for certain firms, it provides a consistent

and replicable method for estimating firm-level carbon exposure across the sample.

Constructing a firm-level measure of carbon expense from public data presents two pri-

mary methodological challenges: the aggregation of emissions and the pricing of surrendered

allowances. We address these challenges with a focus on creating the most transparent and

replicable proxy possible. First, as the Union Registry links emissions to operator accounts
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and not directly to the publicly listed parent company, our approach uses a rigorous two-

step matching procedure to map these entities. While this necessary aggregation may not

perfectly mirror a firm’s complex internal accounting boundaries, it provides a consistent

framework for estimation. Second, since transaction-level prices are not disclosed, we proxy

the cost using the annual average of daily futures prices to create a standardized measure

of the cost burden. Despite these necessary assumptions, this “bottom-up” methodology,

grounded in audited operational data, offers a distinct advantage over commonly used third-

party ESG ratings, which often rely on proprietary estimation models and have been criti-

cized for their opacity and potential for bias. Therefore, while our measure is subject to the

limitations of public data availability, we contend that it provides a transparent and robust

estimate of realized carbon costs.

Figure 5 presents the distribution of carbon expense ratio to operating income over the

sample period. The figure includes two panels: the upper panels show annual trends in the

cross-sectional distribution, while the lower panels break down the ratios by sector. Four

sectors, Consumer Discretionary, Financials, Information Technology, and Communication

Services, are omitted due to limited data and minimal relevance in terms of carbon expense

exposure. The figures for carbon expense ratios to net revenue and gross income exhibit

similar trends and are omitted for brevity.

All three ratios exhibit a rising trend over time, broadly mirroring the increase in EUA

prices documented in Figure 3. By 2023, firms at the 75th percentile of the distribution faced

carbon expenses equivalent to 1.41% of net revenue, 5.10% of gross income, and 12.42% of

operating income. These magnitudes imply that, in the absence of the EU ETS, a quarter

of the sample firms could see gross income increase by over 5% and operating income by

more than 12%. These are not marginal effects, and they indicate that carbon compliance

imposes a material burden on profitability.

The upward trend and elevated ratios are especially pronounced in the Materials and

Utilities sectors. In these sectors, more than half of the sampled firms have carbon expenses
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Figure 5. Ratio of Carbon Expense to Operating Income. This figure shows the
annual distribution of the ratio of carbon expense to operating income across firms. Whiskers
represent the 10th and 90th percentiles.

(a) Overall Distribution.

(b) Distribution by Sector. Sectors are ordered by mean ratio in the final year. Four sectors
(Consumer Discretionary, Financials, Information Technology, and Communication Services) are
excluded due to data limitations and lack of significance.
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exceeding 1% of revenue, 5% of gross income, and 10% of operating income. These findings

suggest that carbon expenses have a significant and persistent impact on firms’ operating

margins, particularly in industries that are directly targeted by emissions regulation. This

underscores the economic relevance of carbon risk, regardless of whether being priced in

stock returns.

5.2 Portfolios Sorts on Ratios of Carbon Expense

Having shown that carbon expenses represent a nontrivial burden on firm performance,

we now ask whether this burden is priced in expected stock returns. To do so, we conduct

a standard portfolio sorting exercise. Each year, firms with EU ETS operator accounts

are sorted into quintiles based on their carbon expense intensity (using each of the three

expense ratios). Portfolios are rebalanced annually, with sorting based on lagged financial

and emissions data in line with the EU ETS compliance cycle. This design ensures portfolio

formation uses only information that would have been available to investors at the time.

Portfolios are rebalanced at the end of April each year. The carbon expense ratios used

for sorting are based on emissions and financial data from the previous calendar year, which

would not be available before the end of March. This timing aligns with EU ETS reporting

requirements, as installations must submit their audited emissions data for year t by the end

of March in year t + 1. As a result, quintile portfolios are formed using lagged information

and held from May of year t+ 1 through April of year t+ 2.8

With the portfolios constructed, average returns for each quintile are calculated using

both value-weighted and equal-weighted schemes. The return spread between the highest

and lowest quintiles is then tested for statistical significance. To further examine whether

these return differences reflect compensation for risk, we regress portfolio returns on the five

European Fama-French Europe factors to estimate factor-adjusted alphas and exposures.

To control for industry composition, we also conduct sector-neutral sorts by forming

8For instance, emissions and financial data from 2013 are used to sort stocks into portfolios in April 2014,
which are then held from May 2014 to April 2015.
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quintiles within each sector before aggregating portfolios. This adjustment prevents carbon-

intensive sectors from dominating the highest-cost portfolios.

Table 5 reports average excess returns for value-weighted and equal-weighted portfolios.

Across all specifications, we find no consistent relationship between carbon expense intensity

and returns. High-minus-low portfolio spreads are statistically insignificant, and there is no

monotonic pattern across quintiles. These results hold for both general and sector-adjusted

sorts and across all three expense ratios.

Table 6 presents alphas and factor loadings from Fama-French five-factor regressions for

the value-weighted, sector-neutral portfolios, corresponding to column (3) in Table 5. Con-

sistent with the excess return results, none of the alphas from the high-minus-low portfolios

are statistically significant. However, many individual quintile portfolios, particularly in

the upper and middle ranges, exhibit significantly positive excess returns and corresponding

alphas. This suggests that firms in the STOXX Europe 600 index with EU ETS operator

accounts may earn higher average returns than predicted by the Fama-French Europe five-

factor model. Nevertheless, despite the non-negligible burden of carbon expenses relative

to revenue and income, the carbon expense ratios themselves do not explain variation in

expected returns across firms. Results for alternative sorting and weighting schemes yield

similarly insignificant pricing evidence and are omitted for brevity.

Additionally, we note modest negative loadings on the investment (CMA) factor and weak

positive loadings on the value (HML) factor in the long-short portfolio. Although not the

focus of this analysis, these patterns may reflect underlying firm characteristics. For instance,

firms with higher carbon expenses may rely more heavily on tangible capital in production,

which may correlate with higher book-to-market ratios and emissions intensity. Similarly,

companies whose profits are more heavily eroded by carbon costs may be incentivised to

invest more aggressively in green technologies, in line with the objectives of the EU ETS.

36



Table 5. Average Excess Returns Sorted by Carbon Expense Ratios. This table reports
the average excess returns and corresponding t-statistics (in square brackets) for portfolio quintiles
sorted by various carbon intensity measures. Columns (1) and (2) show results from general quintile
sorts, while Columns (3) and (4) report results from within-sector quintile sorts. Columns (1) and
(3) are value-weighted portfolios, and Columns (2) and (4) are equal-weighted portfolios.

General Quintiles Sector Quintiles
Portfolio Value-weighted Equal-weighted Value-weighted Equal-weighted
Panel A: Ratio of Carbon Expense to Net Revenue
Low 0.98 0.78 0.71 0.68

[3.20] [2.09] [2.36] [2.00]
2 0.90 0.69 1.05 0.70

[3.19] [1.89] [4.12] [2.16]
3 1.01 0.93 0.87 0.78

[3.23] [2.74] [2.83] [2.10]
4 0.76 0.59 0.95 0.86

[1.98] [1.69] [2.76] [2.25]
High 1.21 1.00 1.09 0.92

[3.53] [2.38] [2.81] [2.22]
High–Low 0.23 0.22 0.38 0.24

[0.97] [1.02] [1.59] [1.20]

Panel B: Ratio of Carbon Expense to Gross Income
Low 0.87 0.71 0.89 0.68

[3.26] [2.28] [3.40] [2.19]
2 1.03 0.80 0.81 0.64

[3.23] [2.30] [2.92] [2.03]
3 1.02 0.77 1.08 0.92

[2.44] [1.93] [3.69] [2.69]
4 0.68 0.76 0.82 0.85

[1.81] [2.15] [2.16] [2.01]
High 1.32 0.96 1.20 0.90

[3.63] [2.25] [3.13] [2.21]
High–Low 0.44 0.25 0.31 0.23

[1.37] [0.86] [1.16] [1.16]

Panel C: Ratio of Carbon Expense to Operating Income
Low 1.08 0.77 0.87 0.64

[3.33] [1.96] [2.98] [1.85]
2 0.75 0.77 0.77 0.72

[2.84] [2.28] [2.98] [2.33]
3 1.10 0.82 0.99 0.87

[3.45] [2.49] [3.13] [2.40]
4 0.68 0.81 0.91 0.80

[1.78] [2.20] [2.61] [2.06]
High 1.16 0.85 1.26 0.92

[3.30] [1.95] [3.21] [2.16]
High–Low 0.08 0.08 0.38 0.28

[0.31] [0.40] [1.44] [1.55]
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Table 6. Alphas and Factor Loadings from Five-Factor Regressions Sorted by Car-
bon Expense Ratios with Sector Neutral Value Weighted Portfolios. This table reports
portfolio alphas and Fama-French Europe five-factor loadings from time-series regressions. Each
panel presents results for quintile portfolios sorted by different carbon intensity measures. Reported
values are coefficients and corresponding t-statistics (in square brackets).

α MKT SMB HML RMW CMA
Panel A: Ratio of Carbon Expense to Net Revenue
Low 0.29 0.59 -0.39 0.22 0.78 0.35

[1.70] [10.77] [-3.75] [1.47] [3.78] [1.62]
2 0.66 0.60 -0.61 0.34 0.59 0.21

[3.46] [11.30] [-5.24] [2.08] [2.84] [0.71]
3 0.41 0.66 -0.33 0.61 0.98 0.38

[2.14] [11.13] [-1.85] [3.73] [4.42] [1.52]
4 0.46 0.82 -0.26 0.59 0.64 0.05

[2.15] [15.82] [-1.37] [5.13] [4.28] [0.22]
High 0.60 0.90 -0.34 0.38 0.36 -0.23

[3.86] [21.25] [-3.03] [2.82] [1.83] [-0.89]
High–Low 0.17 0.31 0.07 0.17 -0.39 -0.58

[0.87] [5.20] [0.55] [1.02] [-1.57] [-2.35]

Panel B: Ratio of Carbon Expense to Gross Income
Low 0.50 0.56 -0.50 0.07 0.65 0.34

[2.76] [12.68] [-4.48] [0.51] [3.12] [1.50]
2 0.40 0.57 -0.60 0.26 0.68 0.24

[2.18] [10.36] [-4.70] [1.47] [3.21] [0.73]
3 0.63 0.62 -0.27 0.68 0.99 0.25

[3.27] [9.19] [-1.80] [4.29] [5.53] [1.11]
4 0.31 0.87 -0.35 0.64 0.76 0.09

[1.43] [15.72] [-1.88] [3.87] [3.65] [0.39]
High 0.72 0.87 -0.35 0.45 0.30 -0.31

[3.57] [16.13] [-2.25] [3.25] [1.69] [-1.27]
High–Low 0.08 0.30 0.17 0.39 0.31 -0.64

[0.38] [5.52] [1.14] [2.18] [-1.37] [-2.76]

Panel C: Ratio of Carbon Expense to Operating Income
Low 0.46 0.61 -0.44 0.18 0.71 0.34

[2.37] [11.23] [-3.52] [1.14] [3.32] [1.60]
2 0.36 0.55 -0.50 0.34 0.76 0.20

[2.15] [9.98] [-4.88] [2.10] [3.98] [0.78]
3 0.53 0.71 -0.32 0.51 0.88 0.39

[2.95] [10.84] [-1.92] [2.79] [3.91] [1.24]
4 0.42 0.81 -0.56 0.62 0.59 -0.12

[2.13] [14.07] [-3.19] [3.89] [3.05] [-0.52]
High 0.80 0.83 -0.22 0.57 0.45 -0.06

[3.76] [15.56] [-1.35] [3.04] [2.16] [-0.18]
High–Low 0.20 0.22 0.24 0.40 -0.23 -0.40

[0.87] [2.76] [1.51] [1.83] [-0.81] [-1.30]
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6 Conclusion

This study examines whether carbon risk is priced in the European equity market by

proposing two complementary and transparent measures. The first is the stock sensitivity to

innovations in the one-year forward convenience yield of carbon futures, which is a forward-

looking, market-based proxy that reflects investor expectations about future allowance prices.

The second is an accounting-based proxy, the carbon expense ratio, constructed by aggregat-

ing firm-level verified emissions from the EU’s Union Registry and multiplying them by the

average annual price of carbon allowances. We find that both proxies capture economically

meaningful risks. Our accounting-based measure reveals a significant and growing financial

burden, with carbon expenses for the most-exposed quartile of firms reaching 12.4% of op-

erating income by 2023. These are not marginal effects; they represent a material drag on

profitability. Concurrently, our market-based proxy provides a clear, forward-looking signal

of expected regulatory and compliance costs.

Regarding the return of carbon convenience yield as a macro factor, the respective long-

short carbon risk premium portfolio delivers a statistically significant monthly return of

0.89% and monthly alpha of 1.09% for the STOXX Europe 600 constituents as of the portfolio

formation period. The subset with direct operational exposure to EU ETS also generate

similar return and alpha of 0.73% and 0.80% respectively. As of the carbon solution providers,

the premium is even higher, with 1.17% return and 1.95% alpha. These suggest that, carbon

transition risk, as proxied by the carbon convenience yield return, is priced in the European

stock market.

As for the carbon expense ratios, the high-minus-low portfolio return and alpha are not

statistically significant but with signs aligned with other results. This could be due to the

limited number of stocks as well as time span for the analysis. An alternative reason could

be that the stock market has not yet incorporated the impact of carbon expense on the

company profitability when evaluating the value of related stocks.
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