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Dataset link: Carbon VIX: Carbon Price Uncerta We study the effects of carbon price uncertainty on firms’ decisions to decarbonize their operations. We first
use information on the pricing of options on emission allowances in the European Emissions Trading System
to create the Carbon VIX, a market-based high-frequency measure of carbon price uncertainty. Carbon price

uncertainty is high, varies substantially over time, and experiences persistent shocks around major climate

inty and Decarbonization Investments -- Replic
ation Package (Original data)

Keywords:

Climate policy events. To explore the effects of carbon price uncertainty on expected aggregate decarbonization
Carbon pricing investments, we analyze its effect on the stock returns of firms that help other businesses decarbonize. To
Emissions identify these “carbon solution providers”, we extract common types of decarbonization investments from a
Uncertainty large survey of firms, and then identify companies that offer the associated goods and services. We find that the
Investments

stock returns of these carbon solution providers vary positively with carbon prices, but negatively with carbon
price uncertainty. The effect of increases in carbon price uncertainty on our proxy for expected decarbonization
investments is economically large and of similar magnitude as the effect of declines in carbon prices. These
findings support predictions from real options theory that firms may delay investments in decarbonization

when faced with uncertainty about the future costs of emissions.

Reducing aggregate carbon emissions to mitigate climate change
is a key global policy objective. A common policy tool to encourage
firms to decarbonize their activities is to impose a price on carbon
emissions, for example through cap-and-trade systems, which covered
about 22% of global emissions in 2025 (World Bank, 2025). In such
systems, regulators issue a limited number of permits to emit carbon.
Companies then trade these permits among each other, creating a
market price for carbon emissions and an incentive to decarbonize.
While cap-and-trade systems allow regulators to achieve aggregate
emission reduction goals without knowing firms’ abatement costs, they
also introduce uncertainty about future carbon prices, since changes
in economic activity, abatement costs, and policy choices all affect the
supply and demand for emission permits.

In this paper we study the effects of carbon price uncertainty in cap-
and-trade systems. In particular, we test the predictions of real option
theory that such price uncertainty leads firms to delay investments in
decarbonizing their operations until the financial returns from these
investments become more predictable. While carbon price uncertainty
is frequently mentioned by market participants as an impediment to
scaling up decarbonization investments,! a quantification of such ef-
fects has been hindered by the absence of measures of both carbon
price uncertainty and decarbonization investments. We address both
measurement challenges to show that carbon price uncertainty has a
large negative effect on firms’ decisions to decarbonize.

We study the effects of carbon price uncertainty in the European
Union’s Emissions Trading System (ETS), the world’s largest cap-and-
trade system. Our first contribution is to provide new measures of
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Fig. 1. The Carbon VIX.
Note: This figure shows the level of the Carbon VIX, annotated with selected
market events.

carbon price uncertainty based on the prices of options on EU emission
allowances (EUAs), which allow traders to speculate on or hedge
against EUA price changes. Intuitively, when the prices of both call and
put options increase at the same time, this generally reflects a rise in
the expected volatility of the underlying asset, allowing us to back out
changes in carbon price uncertainty from changes in option prices.?

We operationalize this insight by constructing two high-frequency
measures of carbon price uncertainty, the Carbon VIX and Carbon
Implied Volatility (CIV), which we make publicly available at www.
carbonvix.org. The construction of the Carbon VIX follows the method-
ology for the well-known CBOE VIX index of S&P 500 stock price
uncertainty. It is based on building a portfolio of options whose final
payoff approximates the realized variance of EUA futures until option
expiry, which, following the VIX methodology, is then transformed into
an annualized volatility measure. Increases in the price of this options
portfolio therefore reflect higher expected EUA price volatility. Our sec-
ond measure, Carbon Implied Volatility (CIV), measures expected EUA
price volatility via the “implied volatility” of at-the-money options.

Each approach to measuring carbon price uncertainty has advan-
tages and drawbacks. The Carbon VIX methodology does not require a
pricing model, but uses observed option prices from a wide range of
strike prices with varying liquidity. The CIV approach is only based on
relatively liquid at-the-money options, but requires a pricing model to
infer implied volatilities. Despite these differences, the two measures
have near-identical levels and are highly correlated (weekly changes in
Carbon VIX and CIV have a correlation of 0.95). We thus proceed by
using the Carbon VIX as our main proxy for carbon price uncertainty,
but show that our results are robust to analyzing CIV. For our baseline
analysis, we consider uncertainty over the next 120 days. Changes in
(annualized) carbon price uncertainty are highly correlated across the
term structure, so varying the horizon of the uncertainty measure does
not change our results.

We use these new measures to document several patterns regarding
carbon price uncertainty (Fig. 1 shows the development of the Carbon
VIX, annotated with important market events). First, the level of carbon

2 Option prices reflect both expected volatility and a volatility risk pre-
mium. Consistent with this, we find that implied volatility generally exceeds
average realized volatility but closely comoves with it. Because the volatility
risk premium is unlikely to vary substantially at high frequencies, we interpret
short-run changes in option prices as primarily reflecting changes in expected
volatility, following the approach of Bloom (2014), Cremers et al. (2021), Gao
et al. (2022), and Bretscher et al. (2018).
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price uncertainty in the ETS is high: Between September 2013 and
December 2022, carbon prices had an average annualized expected
volatility of 55%. Second, carbon price uncertainty varies meaningfully
over time, ranging between 28% and 87% over the same period.
It also moves substantially around events that affect the supply of
certificates (e.g., the introduction of the Market Stability Reserve) as
well as events affecting the demand for certificates (e.g., the start of the
Covid-19 epidemic). Increases in carbon price uncertainty are generally
followed by periods of higher realized carbon price volatility. Third,
carbon price uncertainty is relatively persistent. And fourth, the Carbon
VIX is related to, but distinct from, the EU Equity VIX and the Oil
VIX (correlations of 0.11 and 0.14, respectively), suggesting that it
captures an important new dimension of economic uncertainty. We
also note that the increased financialization of the European ETS over
our sample period has not obviously changed the level of emission
price uncertainty. Instead, the Carbon VIX fluctuates around a relatively
stable mean.

In the second part of the paper, we explore the effects of carbon
price uncertainty on the decisions of firms to invest in decarbonizing
their operations. We begin by exploring a new survey dataset on
realized decarbonization activities undertaken by firms. The data was
collected by CDP, formerly known as the Carbon Disclosure Project,
and constitutes the largest and most comprehensive information source
on corporate climate action. In the annual survey, firms disclose infor-
mation on implemented initiatives to decarbonize their direct (scope-1)
emissions including the type of initiative, the investment amount, and a
project description. Between 2015 and 2023, firms reported more than
12,500 unique decarbonization projects totaling about EUR 639 billion.

We then provide a first exploration of the effect of carbon price
uncertainty on realized decarbonization investments. In a panel re-
gression, we compare the CDP-reported decarbonization investments
of firms whose operations are exposed to the EU ETS to investments
of firms without such exposure at times of varying levels of carbon
price uncertainty. We find that, during periods of higher carbon price
uncertainty, firms with ETS exposure report lower decarbonization
investment rates, defined as the ratio of a firm’s decarbonization in-
vestments to its scope-1 emissions. Including various controls and fixed
effects, a one standard deviation (or 4.5 percentage points) increase in
the Carbon VIX is associated with an economically meaningful 1.6-2.2
EUR/tCO2e decrease in the investment rate, relative to an average rate
of 18 EUR/tCO2e.

This analysis of real decarbonization activities encounters a key
challenge: while the Carbon VIX allows us to measure changes in carbon
price uncertainty at high frequencies, actual investment decisions are
both implemented and measured at much lower frequencies. For exam-
ple, we only observe completed investments at an annual frequency,
and thus find it difficult to link carbon price uncertainty to the time at
which the investment decision was made.

To better quantify the effects of carbon price uncertainty on de-
carbonization activities, we thus construct a higher-frequency mea-
sure of changes in the expected investments in decarbonization via the
stock returns of firms that provide goods and services that help other
firms decarbonize. These “carbon solution providers” should benefit
when other firms increase their decarbonization investments. Thus,
if investors expect spending on decarbonization activities to increase,
this expectation would be reflected in higher stock returns of carbon
solution providers.

To identify carbon solutions providers, we first use information on
firms’ reported decarbonization projects in the CDP data to identify
common decarbonization activities, and then identify companies that
provide the goods and services required to undertake such activities.
We use GPT, an Al-based language processing tool from OpenAl (2024),
to extract common activities of how firms reduce their carbon emissions
from textual descriptions of decarbonization projects in the CDP data.
We identify more than 1200 types of decarbonization activities. Among
the most common activities are investments in renewable energy such
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as wind and solar power, the prevention of waste energy, and the use
of alternative fuels. The described activities also include many less-
common industry-specific solutions such as boiler upgrades or the use
of variable frequency drives.

To explore which firms offer these “carbon solutions”, we collect
textual descriptions of the products and services offered by more than
5000 publicly listed European firms. We then use GPT to identify firms
that provide carbon solutions similar to the most common solutions
reported in the CDP data. After merging with stock return data, we
obtain a sample of 201 “carbon solution providers” spanning 16 indus-
tries and 18 countries. On average, carbon solution firms are slightly
smaller and younger than other firms. Moreover, they generally exhibit
higher market-to-book ratios and higher capital expenditures per asset.

To quantify the impact of carbon price uncertainty on firms’ ex-
pected decarbonization decisions, we estimate a panel regression of
weekly stock returns on changes in carbon prices and carbon price
uncertainty, interacting each measure with an indicator that identifies
carbon solution providers. If higher carbon price uncertainty creates
incentives for emitters to delay decarbonization investments, we would
expect lower stock returns for carbon solution providers during periods
of rising carbon price uncertainty. Similarly, we would expect these
firms to have higher stock returns in weeks when increasing carbon
prices create incentives for firms to invest in decarbonization. Our
specifications ensure that our results are not driven by a possible
differential exposure of carbon solution providers to uncertainty in the
broader stock market or to oil price uncertainty.

We estimate this regression over two sample periods: the years
2013-2017, when the EU carbon price averaged about EUR 6 per
EUA, and the years 2018-2022, when the carbon price averaged about
EUR 40. This sample split is motivated by the intuition that carbon
price returns and changes in carbon price uncertainty should have only
small effects during periods of low prices, while they should be more
important determinants of decarbonization decisions at higher prices.

We find that carbon price uncertainty substantially lowers expected
decarbonization investments. Over the high-price sample, the stock
returns of carbon solution providers respond more positively to carbon
price returns and more negatively to changes in the Carbon VIX than
the returns of other firms. Changes in carbon prices and carbon price
uncertainty have similarly-sized effects: a one standard deviation in-
crease in the carbon price return is associated with a 12.1 basis points
relative increase in the stock returns of carbon solution providers,
while a one standard deviation higher increase in the Carbon VIX is
associated with a 13.4 basis points relative decrease. Put differently, a
one percentage point increase in carbon price uncertainty has a similar
(negative) impact on carbon solution providers’ stock returns as a EUR
0.98 lower carbon price. Consistent with our intuition, we find no such
effects during the low-price sample.

The finding that carbon solution providers are negatively exposed to
carbon price uncertainty is robust to several alternative specifications.
First, we consider two additional methods of identifying carbon solu-
tion firms. The first is based on firm-level measures of climate change
exposure provided by Sautner et al. (2023). This data is based on
firms’ earnings calls and provides a measure of “climate opportunity”
exposure at the firm-year level. Second, we use the holdings of the
European Green Deal UCITS ETF (EUGD), an ETF that contains 50
European firms that “could benefit from the European Green Deal, a
landmark transaction enacted by the European Commission to make Europe
the first carbon neutral continent”. Our findings are qualitatively and
quantitatively similar across these different measures of carbon solution
providers. Additionally, we obtain almost identical regression estimates
via either the Carbon VIX or Carbon Implied Volatility measure of carbon
price uncertainty, and when we additionally include a measure of past
realized carbon price volatility interacted with an indicator for climate
solution providers. Finally, we provide direct evidence of the negative
impact of carbon price uncertainty on carbon solution providers’ sales.

Journal of Financial Economics 183 (2026) 104328

Contribution. Our work contributes to a growing literature that studies
the effects of carbon pricing regimes on firm behaviors. This literature
has largely concluded that the presence of carbon pricing regimes has
substantially reduced carbon emissions (e.g., Martinsson et al., 2024;
Colmer et al., 2025). Green (2021) provides a recent review of this
evidence. Our work expands on existing work by constructing a first
direct measure of carbon price uncertainty and studying its effects on
a high-frequency proxy for decarbonization investments. While this
relationship between carbon price uncertainty and green investments
had been well understood theoretically (see the contributions by Blyth
et al., 2007; Yang et al., 2023; Fuss et al., 2009; Golub et al., 2020;
Ginbo et al., 2021; Aldy and Armitage, 2020), measurement challenges
in both decarbonization investments and carbon price uncertainty have
precluded prior quantifications. Our findings show that the effects of
changes in carbon price uncertainty on decarbonization activities are of
the same magnitude as the effects of changes in the level of the carbon
price. A key implication is that policy makers hoping to encourage firms
to decarbonize should focus efforts on reducing market uncertainty
with respect to carbon prices, for example by reducing climate policy
uncertainty.

The idea that carbon price uncertainty can affect firms’ decisions to
decarbonize follows an extensive literature exploring the effects of un-
certainty on firms’ decision to make irreversible investments (Bernanke,
1983; Dixit and Pindyck, 1994; Abel and Eberly, 1996; Bloom, 2009).
Most relevant to our study is Kaboski’s (2005) model of the effects
of factor price uncertainty on a firm’s decision to switch between
production technologies with different factor intensities (e.g., high-
carbon or low-carbon technologies). When technology investments are
partially irreversible, uncertainty about future carbon prices raises
the real option value of potential decarbonization investments and
thus makes it less likely that polluters execute such decarbonization
investments.

Our work contributes towards recent efforts to measure climate
policy uncertainty and to explore its effects (see, e.g., Gavriilidis, 2021;
Berestycki et al., 2022; Fried et al., 2021; Bouri et al., 2022; Basaglia
et al., 2025; Wang et al., 2023). While existing efforts to measure
climate policy uncertainty are based on an analysis of newspaper
coverage, our measure of carbon price uncertainty is based directly off
market prices, varies at high frequencies, and has a direct quantitative
interpretation. The Carbon VIX also captures all drivers of carbon
price uncertainty, which include factors such as the broader economic
environment and changes in abatement technology and cost in addition
to changes in climate policy.

Our paper also provides insights into the costs and benefits of
various carbon pricing regimes (see the discussions in Weitzman, 1974;
Stavins, 2019). We show that the carbon price uncertainty that is
inherent in cap-and-trade systems incentivizes firms to delay their
decarbonization activities. This is possible because the EU ETS emission
cap is not binding at the annual level, with many firms deciding to carry
excess allowances into future years. Firms that choose to postpone their
decarbonization investments due to carbon price uncertainty would
then essentially purchase and surrender these excess allowances. Since
the total cap is eventually binding, aggregate decarbonization invest-
ments would need to be higher in later years, which likely increases
the total costs of achieving a given emissions reduction. Delayed decar-
bonization efforts are also environmentally costly: postponed emission
reductions increase the risk of temperature overshoot and the likeli-
hood of triggering irreversible tipping points or the loss of ecosystem
services (Hoegh-Guldberg et al., 2018; Giglio et al., 2025). Our work
therefore supports proposals for various mechanisms to mitigate the
permit price volatility in cap-and-trade systems, such as setting price
ceilings and price floors (Burtraw et al., 2006, 2010, 2018; Schmalensee
and Stavins, 2017; Flachsland et al., 2020). While such price floors
have been included in some cap-and-trade systems, such as the Regional
Greenhouse Gas Initiative (RGGI) and the California ETS in the United
States, other large-scale ETS such as that in the European Union do not
contain an explicit price floor.
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1. Measuring carbon price uncertainty

We next describe the construction of our two measures of carbon
price uncertainty: the Carbon VIX and Carbon Implied Volatility (CIV).
First, we provide an overview of the EU Emissions Trading System and
its associated spot and derivative markets for emissions allowances. We
then detail our methodology for deriving these uncertainty measures
from observed derivatives prices.

1.1. Cap-and-trade systems

In cap-and-trade systems, regulators impose a cap on total carbon
emissions from certain sectors or corporate activities by issuing a
corresponding quantity of emission allowances. Regulated entities must
surrender an emission allowance for each unit of carbon emitted. The
initial allocation of allowances can be for free or via auctions, and
allowances are subsequently traded in a market-based system. The re-
sulting equilibrium prices are determined by the supply of and demand
for allowances, driven by factors such as climate policy, economic
activity, and the cost of abatement.

1.2. The European emissions trading system

There are currently 37 cap-and-trade schemes in place covering 22%
of global carbon emissions; in contrast, carbon taxes cover less than
6% of global emissions (World Bank, 2025). The EU Emissions Trading
System (ETS) was launched in 2005 and is the oldest and largest cap-
and-trade scheme. In 2022, it generated total revenues of $42bn, which
constituted 44% of that year’s global revenue from carbon pricing.
The EU ETS covers carbon emissions of about 10,000 installations in
the manufacturing and energy sectors as well as emissions of aviation
firms operating flights within the EU. Emissions covered by the EU ETS
account for about 40% of the European Union’s total carbon emissions.

To comply with the EU ETS, firms have to report and verify their
regulated emissions annually and surrender a corresponding number
of EU allowances (EUAs), with heavy sanctions for non-compliant
firms. Each EUA permits its holder to emit one ton of carbon dioxide
equivalents. Firms can “bank” EUAs for use in subsequent years.

In 2013, an EU-wide cap of issued EUAs was set at 2.1 billion,
based on the average number of total allowances issued in the five
preceding years. To reduce aggregate carbon emissions, this cap is
lowered annually by a predetermined number of EUAs. Initially, this
linear reduction factor was set at 1.74% relative to the initial cap
for years 2013-2020; this factor was subsequently increased to 2.2%
(2021-2023), 4.3% (2024-2027), and 4.4% (2028-30). This should
lead to a cap by 2030 that is 62% lower than 2005 emission levels
(European Commission, 2023b).3

Despite the year-on-year decrease in the cap, the cumulative quan-
tity of allowances issued led to an initial surplus in supply, resulting in
a low market price for EUAs. To address the problem of excess supply
of EUAs, the EU Commission proposed a market stability reserve. The
market stability reserve works on a set of predetermined rules and
withdraws (releases) a fraction of the total allowances in circulation
if they are above (below) a certain threshold. Between its launch in
January 2019 and December 2022, the reserve absorbed a total of 44%
of newly issued EUAs (European Commission, 2023a).

Even after the introduction of the market stability reserve, the emis-
sion cap is not binding at an annual level. For example, during the 2022
compliance cycle, firms emitted a total of 1.36 billion tons of CO2e
for which a corresponding number of permits had to be surrendered.
At the end of this period, prior to any surrendering of permits, a total

3 For years 2013-2020, the linear reduction factor did not apply to emis-
sions of the aviation sector. The cap reduction also includes planned one-off
removals of 0.1 billion EUAs in 2024 and 2026.
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amount of about 2.1 billion permits remained outstanding (European
Commission, 2022, 2023a). The constraint therefore only binds across
multiple years. This intertemporal flexibility allows firms to postpone
decarbonization investments, though these postponed decarbonization
efforts increase the required rate of aggregate emission reductions in
future periods.

Primary and secondary allowance market. Allowances are either dis-
tributed via public auctions or allocated for free to emitting firms. The
fraction of free allowances that regulated firms receive depends on
the type of regulated activity and varies with sector-specific emissions-
per-output benchmarks and firms’ historic output. Between 2013 and
2023, aircraft operators received more than 80% of allowances for free,
while firms in the power sector were generally not eligible for free
allowances. The share of allowances industrial firms received for free
gradually decreased from 80% in 2013 to 30% in 2020. In 2022, the
total quantity of allowances issued amounted to 1.5 billion, of which
36% were free allocations.

Allowances that are not allocated for free are auctioned off via a
central platform. Such auctions occur multiple times per week on pre-
scheduled days. The quantity of EUAs for auction is known in advance
and cleared in a single round at a uniform price. Auctions are also open
to authorized bidders not covered by the ETS such as investment funds
and credit institutions. In 2022, auctions were held on 220 days with
an average of 20 participating bidders.

There exists a large and active secondary market for EUAs. While a
total of 486 million allowances were auctioned in 2022, trading volume
on spot markets was about 750 million EUAs, with secondary market
prices closely mirroring auction settlement prices (DEHSt, 2023).

Allowance futures market. The most liquid venue to trade EUAs is in
the futures market. In 2022, the trading volume of futures contracts
was about 9 billion EUAs, accounting for 87% of total trading volume
on auction, spot and futures markets (DEHSt, 2023). We obtain daily
settlement prices of futures on EUAs traded on the London Interconti-
nental Exchange (ICE), which handles 85% of total open interest on
EUA derivatives (ESMA, 2022). ICE EUA futures expire quarterly in
March, June, September, and December; December futures are by far
the most liquid, possibly due to their proximity to the EUA delivery
date in April each year (ESMA, 2022). We therefore choose the closest
December futures contract as our primary measure of carbon prices.
Due to the bankability of EUAs, futures prices and spot prices are
tightly linked, with a term structure relating largely to investor funding
costs (Palao and Pardo, 2021). At expiry, the futures seller has to
transfer EUAs to the futures buyers’ EUA trading accounts (i.e., the
futures involve “physical delivery” of EUAs). Each futures contract
yields delivery of one lot (1000) EUAs.

Carbon prices over time. Carbon prices are volatile and have increased
substantially over time (see Fig. 2a). The early period of our sample is
characterized by low prices as a result of the large surplus in emission
allowances discussed above: between September 2013 and December
2017, the average carbon price was 6 EUR. After several policy changes
limiting the supply of allowances, including the introduction of the
market stability reserve, carbon prices reached levels of 30 EUR by
December 2020 and further increased to above 80 EUR at the end of
our sample in December 2022. The average price during the period
2018-2022 was 40 EUR.

Carbon prices are determined by the supply and demand for EUAs.
The regulator can determine the supply via adjustments to the total cap
or other policy choices affecting the quantity of available allowances,
such as the cancellation of allowances via the market stability re-
serve. The demand for emission allowances is driven by economic
activity and the cost of emission abatement. That is, demand increases
with expected output by regulated firms and decreases as advances in
abatement technologies lower the cost of emission reductions.
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Note: Panel (a) shows the weekly price of December-expiry ICE EUA futures. Panel (b) shows the annual trading volume and annual average of open interest of
EUA futures options traded on ICE (London). One option is written on one futures contract which in turn delivers 1000 EUAs. Volume and open interest are in

billions of EUAs.

EUA futures options market. EUA futures contracts function as the un-
derlying for EUA futures options (hereafter, EUA options). EUA options
expire on the same quarterly cycle as EUA futures. The underlying
futures contract for all options that expire in a year is that year’s
December futures contract. EUA options are European, meaning they
can only be exercised at expiration. At expiry, each EUA call option
gives option holders the right, but not the obligation, to buy one EUA
futures contract at the pre-specified strike price. Put options confer the
corresponding right, but not obligation, to sell one futures contract at
the strike price. Table A.2 in the Online Appendix provides further
details on the contract specifications for EUA futures and options.

We obtain EUA options data from IVolatility.com (see Appendix
Section A.1 for details). The market for EUA options is large and liquid.
Fig. 2b shows the annual EUA options trading volume in billions of
contracts.* Trading volume is lower at the start of our sample, with
an annual volume of around 500 m contracts, corresponding to 500 m
tons of CO2e emissions. Alongside the recent increase in EUA prices,
the volume of EUA options has picked up, reaching more than 2bn
contracts annually between 2018 and 2022. In terms of value, EUA
option’s annual trading volume reached EUR 10bn in 2021 and 2022.
Options are used for hedging or speculation. The increasing use of EUA
options after 2018 indicates the higher economic relevance of the EU
ETS over the high-price sample, which corresponds to a period in which
carbon prices — and carbon price uncertainty — played an increasingly
important role for emitters’ finances.

Table 1 shows EUA option volume across option contract type as
a fraction of total option trading volume. The top panel shows call
options, the bottom panel put options. Each panel splits options by
their ‘moneyness’ and ‘days to expiry.” An option’s moneyness indicates
the likelihood of a positive payoff at expiry. Call (put) options are
further “in-the-money” when the current futures price is more above
(further below) the options’ strike price. Table 1 shows that 37.5% of
call option volume in our sample is in deep-out-of-the-money options
and 37.9% of the EUA call option volume is in options below 120
days to expiry. Similar patterns hold for put options. These volume
patterns are typical for option markets, where volumes are often higher
for out-of-the-money options with short maturities. Our construction of

4 Between July and October 2018, the vendor data display zero trading
volumes on most days. This appears to be a data error, as the changes in
option open interest over this period are similar to open interest changes over
other periods. We replace the volume observations for those four months with
the observations from June 2018. After consulting with the data vendor, other
variables — in particular settlement prices — are reported correctly.

the Carbon VIX exploits these liquidity patterns by using the prices of
out-of-the-money short-maturity options.®

1.3. Option prices and uncertainty

Options-based uncertainty measures rely on the positive impact
of the expected return volatility of the underlying asset on option
prices. This positive relationship stems from the non-linearity in option
payoffs: call options’ final payoff rises if the futures price ends up
further above the options’ strike, while their final payoff is always
zero no matter how far the prices end up below the strike. Thus,
call options gain from a thicker right tail of the underlying return
distribution, while they do not symmetrically lose from a thicker left
tail. The reverse applies to put options. Therefore, the expected payoff
of both put and call options is increasing in expected return volatility
of the underlying. The same is generally true for option prices, which
thus contain information about the expected return volatility of the
underlying asset: when both EUA calls and EUA puts become more
expensive, the markets’ expectation of EUA futures’ return volatility has
likely risen.

Options-based uncertainty measures then summarize the general
option price level. There are two prominent approaches to constructing
an options-based uncertainty measure: the price of an option portfolio,
and options’ implied volatilities. We next describe how we construct
measures of carbon price uncertainty based on both approaches, before
comparing and contrasting them.

1.4. The Carbon VIX

For our main measure of carbon price uncertainty, the Carbon VIX,
we follow the CBOE “VIX” methodology (CBOE, 2023), implemented
using the code provided by Vilkov (2023). Conceptually, the Carbon VIX
is obtained by constructing a portfolio of EUA options, with portfolio
weights chosen such that the portfolio payoff at option expiry is approx-
imately equal to EUA futures’ realized variance until option expiry.®

5 Table A.4 shows option open interest, that is the number of outstanding
options contracts, across contract types.

% The portfolio payoff is exactly equal to the realized variance of the
underlying until option expiry if an infinite number of strike prices are
available. This condition is obviously violated in empirical implementations.
However, EUA options with sufficiently many liquid strike prices are available
to obtain a meaningful approximation. The CBOE VIX methodology uses the
prices of a range of out-of-the-money put and call options and Table 1 shows
that this is exactly where EUA options are most liquid. See Appendix Section
A.2 for details.


http://IVolatility.com
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Table 1
EUA options volume.
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Days to expiry

10-30 31-120 121-240 241- All

Calls
0.0 < F/K <0.7 Deep Out Of The Money 0.8 6.8 10.3 19.6 37.5
0.7 < F/K < 0.9 Out Of The Money 2.6 11.2 7.7 10.2 31.7
09 < F/K <11 At The Money 4.6 9.8 5.0 6.9 26.4
1.1 < F/K <13 In The Money 0.5 1.3 0.8 0.9 3.5
1.3 <F/K Deep In The Money 0.0 0.3 0.3 0.3 0.9
All 8.5 29.4 24.2 37.9 100.0

Puts
0.0 < K/F<0.7 Deep Out Of The Money 0.9 6.5 9.6 14.2 31.2
0.7 <K/F<0.9 Out Of The Money 5.3 19.1 9.0 13.7 47.1
0.9 <K/F <11 At The Money 3.5 8.8 3.2 5.2 20.7
1.1 <K/F <13 In The Money 0.1 0.2 0.1 0.5 0.8
1.3 <K/F Deep In The Money 0.0 0.1 0.0 0.1 0.2
All 9.7 34.6 21.9 33.7 100.0

Note: EUA futures options trading volume (number of contracts) in percent of the sample total
(2013.9-2022.12), split by contract type. Different rows correspond to different values of “moneyness,”
where K is the option’s strike price, and F is the current spot price of the underlying futures contract.

Different columns correspond to different option expiration dates.

When expected EUA price variance rises — corresponding to periods
with higher carbon price uncertainty — the price of this portfolio rises.
The Carbon VIX is the square-root of the price of that portfolio, since the
VIX method targets expected volatility, not variance. Following Bloom
(2014), Bretscher et al. (2018), Cremers et al. (2021), Gao et al. (2022)
and others, we thus interpret changes in the Carbon VIX as changes in
carbon price uncertainty.”

To construct a constant-maturity Carbon VIX capturing the annual-
ized expected volatility over the next 120 days, we linearly interpolate
between CarbonV I X :20’7 and CarbonV I X t120,+’ constructed from EUA
options with maturities just below and above 120 days, respectively.
We choose 120 days as our constant-maturity target to use the most lig-
uid EUA options while minimizing the impact of price pressures around
option expiry.® As a result, the Carbon VIX measures the expected
annualized carbon price return volatility over the next approximately
120 days, capturing uncertainty about any information that could
impact carbon prices within that time frame. When we explore the
term structure of carbon price uncertainty in Section 1.6 below, we
find only negligible differences across horizons. Thus, the horizon of
our uncertainty measures does not appear significant for our economic
conclusions.

As a first check on our construction of carbon price uncertainties,
Figure A.1 in the Online Appendix shows that the Carbon VIX moves
closely with realized EUA futures return volatility. Thus, the Carbon
VIX captures fundamental information about the return volatility of the
underlying asset.

1.5. Carbon option implied volatility

As an alternative measure of carbon price uncertainty, we construct
an index of Carbon Implied Volatility (CIV) from the implied volatilities
of EUA options. The implied volatility of option i, denoted as o,

7 Changes in the Carbon VIX measure changes in carbon price uncertainty
as long as any carbon price variance risk premium is constant. Below we show
several properties of the Carbon VIX that are consistent with this assumption.

8 Interpolation to horizon ¢’ requires a range of options with time-to-expiry
below " and a range of options with time-to-expiry above ¢'. Option volume is
highest for short-maturity options. Since EUA options have quarterly expiry,
there is an expiry about every 90 days. Therefore, based purely on volumes,
one would choose to interpolate to 90 days. However, we observe occasional
large price pressures in options in the days before their expiry. To avoid
holding options into expiry we interpolate to 120 days, such that options with
approximately 29 days to expiry drop out of the measure and are replaced
with the series of options that newly drop just below 120 days to expiry.

represents the level of volatility in the underlying asset’s returns that,
when used as an input in an option pricing model, produces the current
market price of that option. All else equal, a higher option price
corresponds to a higher implied volatility. However, the specific change
in implied volatility resulting from a given change in option prices
depends on the particular option pricing model employed. Here, we
use Black (1976)’s futures options pricing model to obtain EUA futures
options’ implied volatilities (see Appendix Section A.3 for details).

Online Appendix Table A.3 shows EUA option’s implied volatilities
by contract type. For example, at-the-money EUA put options with
between 31 and 120 days to expiry have an average implied volatility of
52.4% over our sample period. That is, these options’ prices on average
predict an annualized volatility for EUA futures of 52.4%. To obtain
one index from the range of EUA option implied volatilities we follow
Cremers et al. (2021) and calculate C1 thzo,f cI thzo,+) as the average
implied volatility of the two puts and two calls that, on day 7, have just
below (above) 120 days to expiry. Similar to the construction of the
Carbon VIX, we linearly interpolate the two measures to a constant 120
day horizon.

1.6. Exploring carbon price uncertainty

The Carbon VIX and the CIV have distinct advantages and draw-
backs. Most notably, the Carbon VIX methodology does not require a
pricing model, but uses observed option prices from a wide range of
strike prices with varying liquidity. In contrast, the CIV approach is
only based on relatively liquid at-the-money options, but requires a
model - in our case the one proposed in Black (1976) - to infer implied
volatilities. Fig. 3(a) shows that, despite these differences, Carbon VIX
and CIV move closely together. They have near-identical levels and
weekly changes have a correlation of 0.95. As a result, we proceed by
using Carbon VIX as our main proxy for carbon price uncertainty, but
show that our results are robust to analyzing CIV.

One application where CIV proves to be a useful auxiliary measure
is in the study of the term structure of carbon price uncertainty. Fig.
3(b) displays CIV as a 120 day measure and a 360 day measure, calcu-
lated by interpolating C I VI‘%O’" and CI V,360’+. The two measures move
closely together in both levels and weekly changes. A flat term structure
of option-implied uncertainty indicates that investors expect carbon
price return volatility to be stable over the next 360 days, assuming a
constant uncertainty risk premium (Johnson, 2017). In other words, the
rate of information revelation is expected to be constant. We conclude
that the horizon of our measure is not of central importance to the
study of carbon price uncertainty. A 360 day Carbon VIX would suffer
from illiquidity in CV'I X,3 60+ since we find little trading volume in
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Note: Panel (a) shows the Carbon VIX and Carbon Implied Volatility. Panel (b) shows Carbon Implied Volatility for horizons of 120 and 360 days.

out-of-the-money EUA options with more than 360 days to expiry. This
reinforces our decision to focus on a 120 day Carbon VIX as our main
measure of carbon price uncertainty.

We use these new measures to document several patterns regarding
carbon price uncertainty.

Fact 1: Carbon price uncertainty is high over the entire sample period.
The average value of the Carbon VIX over the sample is 55, implying
that the market expects an annualized EUA futures return volatility of
about 55%. In comparison, the S&P 500 VIX index for US stock market
volatility has an average value of about 20, and reaches values as high
as 50 only during major market disruptions like the Global Financial
Crisis of 2008 or the Covid Crash of 2020. This finding is consistent
with Benmir et al. (2025) who show that carbon prices have the highest
realized volatility across a range of commodities.

Realized EUA futures return volatility is about 45%. The difference
between option implied return volatility and realized return volatility
suggests a positive variance risk premium that raises option prices. This
is consistent with the findings in Chevallier (2013), who find a positive
variance risk premium in EUA options, and Heston and Todorov (2023),
who find such premia in options across a range of asset classes. A
positive variance risk premium in EUA options implies that Carbon VIX
and CIV overestimate the level of expected carbon futures volatility.
Yet, the average realized volatility is still substantial and our analysis of
the real effects of carbon price uncertainty rely on uncertainty changes,
not levels. Variance risk premia likely do not change much at the
weekly frequency and so should not have large effects on weekly Carbon
VIX changes.

Fact 2: Carbon price uncertainty varies substantially over time. The Carbon
VIX has a sizable weekly standard deviation of around 11 percentage
points (see Table 2). Fig. 1 annotates the Carbon VIX time-series with
selected major market events, while Table A.5 in the Online Appendix
includes further details.” Many of the large changes in Carbon VIX occur
around events potentially affecting the supply of certificates (e.g., the
introduction of the Market Stability Reserve). For example, Fig. 1 shows
high levels of carbon price uncertainty when the European Commission
discussed postponing the auctioning of large quantities of emission
allowances (so called back-loading) in late 2013, a move that was
followed by structural reform proposals to address the excess supply of
allowances in January 2014. In early 2016, the Carbon VIX increased
by more than 30 percentage points when the EU Commission noted
that further tightening in supply would be required to reach emission

9 We collect information about important market events around Carbon VIX
spikes from the websites of the European Commission and Carbon Pulse, a
news service specialized on carbon pricing and climate change policies.

Table 2
Carbon market summary statistics.
Mean Median  Std AR(1) Skew  Kurtosis
Carbon Price 24.38 13.94 25.16 1.41 3.78
Carbon VIX 55.30 54.56 11.34 0.17 3.15

Carbon Price Return 0.89 0.75 5.77
Carbon VIX Change -0.14

-1.56 0.20 2.80
-0.14 2.86 9.34 0.42 4.49

Note: Online Appendix Table A.1 defines the market variables. The data frequency is
weekly. All market variables are winsorized at percentiles 2.5 and 97.5. The AR(1)
coefficient is multiplied by 100. The sample period is 2013.9 - 2022.12.

reduction targets consistent with the Paris Agreement adopted a few
weeks earlier. After corporate lobby groups and politicians called for
more ambitious targets in line with the Paris Agreement, the EU Par-
liament voted for large supply cuts of emission allowances in December
2016, a time when the Carbon VIX reaches levels of more than 80%.

In addition to these spikes in carbon price uncertainty related to
regulatory actions that introduce uncertainty about the supply of EUAs,
other spikes in carbon price uncertainty occur during events that raise
uncertainty about the demand for EUAs. For example, the Carbon VIX
spiked in March 2020 at the onset of the Covid-19 pandemic that led
to large economic uncertainties.

Fact 3: Spikes in carbon price uncertainty are relatively persistent. For
example, the Carbon VIX spike in mid 2018 took almost two years to
resolve. Table 2 contains AR(1) coefficients for the carbon market: A
one percentage point increase in the Carbon VIX change predicts a 0.09
percentage point higher change the following week. In contrast, the
AR(1) coefficients for both Equity VIX and Oil VIX changes are negative
(see Table A.6 in the Online Appendix). Thus, we see reversal for
Equity VIX and Oil VIX, but persistence for the Carbon VIX. Intuitively,
persistent uncertainty shocks are more likely to have perceptible real
effects.

Fact 4: Carbon price uncertainty is distinct from other uncertainty measures.
Table 3 shows weekly correlations between changes in the Carbon VIX
and changes in the EU Equity VIX and the Oil VIX to be 0.11 and
0.14, respectively. These positive, but moderate, correlations highlight
that while carbon prices reflect the supply and demand for emission
allowances, which could also correlate with more general economic
uncertainty or uncertainty in energy markets, carbon price movements
are broadly independent of other prices in the economy.

2. Carbon VIX and firm-level decarbonization investments
In the second part of the paper, we explore the real effects of carbon

price uncertainty by studying its effects on firms’ decisions to decar-
bonize. We first explore firms’ investment in decarbonization projects
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Table 3
Market correlations.
Carbon price Carbon VIX Equity price Equity VIX Oil price
return change return change return
Carbon Price Return
Carbon VIX Change -0.33
Equity Price Return 0.19 -0.15
Equity VIX Change -0.17 0.11 -0.79
Oil Price Return 0.14 —-0.09 0.29 -0.24
0Oil VIX Change -0.20 0.14 —-0.41 0.45 -0.42

Note: Online Appendix Table A.1 defines the market variables. The data frequency is weekly. All
market variables are winsorized at percentiles 2.5 and 97.5. The sample period is 2013.9 - 2022.12.

based on a large survey of firm-level emission abatement activities. We
use this data to show a negative relation between firms’ decarboniza-
tion investments and carbon price uncertainty at the annual level.
In the subsequent section, we provide complementary high-frequency
evidence from the stock returns of carbon solution providers.

2.1. Measuring decarbonization activities

Data. We work with survey data on firms’ decarbonization efforts
collected by CDP (formerly the Carbon Disclosure Project). CDP is a
non-profit organization providing the largest survey-based information
on corporate climate action, and its data serve as input for many
commercial climate data, rating, and index providers such as Trucost,
MSCI, and Bloomberg (CDP, 2022).

Each year, CDP asks a large set of firms to file a detailed ques-
tionnaire that spans a wide range of topics related to climate change.
These topics include firm-level climate related risks and opportunities,
emission targets, historical emissions, and emission-abatement initia-
tives. CDP covers firms globally across all major sectors. The criteria
that determine the set of firms surveyed are based on both environ-
mental impact (i.e., whether the firm belongs to a high-emitting sector
such as materials, energy, or industrials), and market capitalization
(i.e., whether a firm is constituent in one of the regional or global stock
market indices). Firm responses are voluntary and disclosed informa-
tion is not verified by CDP. By construction, survey respondents are
relatively large and disclosed information may be subject to selection
bias (Bolton and Kacperczyk, 2025). Over time, an increasing number
of firms have started to report to CDP: between 2015 and 2023, the
number of respondents grew from fewer than 2000 to more than 10,000
firms.'?

We focus our analysis on a part of the survey in which firms are
asked to disclose detailed information on planned and implemented
initiatives to reduce their carbon emissions.!! For projects implemented
during a reporting year, firms report an activity type (e.g., ‘low-carbon
energy generation’ or ‘energy efficiency in production processes’), pro-
vide a text-based description of the project, and indicate the investment
amount in their respective currencies. This allows us to get rich project-
level insights on firms’ efforts to reduce their carbon emissions. We sort
firms’ type of decarbonization activities into seven broad categories.'?

10 The actual number of respondents is substantially higher but many firms
do not allow for public disclosure of their responses. For example, in the
2023 vintage, 13,336 firms opted to not disclose their responses to the public
including to research institutions. Detailed information on how CDP collects
and treats climate-related data is available at www.cdp.net.

11 previous studies working with CDP data have mainly focused on CDP dis-
closures of firms’ overall climate risk assessment, historical carbon emissions,
or emission targets (Matsumura et al., 2014; Jung et al., 2018; Bolton and
Kacperczyk, 2025; Ilhan et al.,, 2023). Using additional CDP data on firms’
reported carbon abatement initiatives, Ioannou et al. (2016) find emission
target stringency is positively related to investment in such initiatives.

12 Table A.8 in the Online Appendix provides stylized, GPT-generated ex-
amples of decarbonization project data and Table A.9 details the mapping of
decarbonization activity types to categories.

We consider activity types in categories low carbon energy, process
efficiency, waste, building efficiency, and transportation and disregard
projects in categories company policy or behavioral change, and product
design, as they are often not associated with specific third-party goods
or services.

Since 2015, CDP has asked respondents to report whether an ac-
tivity reduces direct emissions from firm-controlled sources (scope-1),
indirect emissions from the consumption of purchased power (scope-
2), or other indirect emissions (scope-3). As we are interested in firms’
investments to reduce direct carbon emissions — the types of emissions
for which EU-based firms require EUAs — we limit our sample to
implemented carbon abatement projects of scope-1 emissions reported
in CDP vintages 2015 to 2023. Out of 15,500 non-financial firms
reporting to CDP during this period, about 2800 firms provide details
on more than 12,500 projects to reduce their scope-1 emissions (see
further details in Appendix Section B).

Descriptions of decarbonization investments. Online Appendix Table A.7
provides summary statistics on the observed decarbonization projects.
To our knowledge, these provide the most comprehensive account of
firm-level decarbonization investments in the literature. The median
project costs EUR 260k. Across all activities aimed at reducing scope-
1 emissions, total investment sums to EUR 639 billion, or 62% of
decarbonization investments reported to CDP.'?

Panel A of Table A.7 reports emission abatement projects by country
of firm origin. Firms located in the U.S. or in Europe account for
the vast majority of total decarbonization investments by firms in
our sample, both because the majority of reporting firms come from
these regions, and because investment in emission reduction projects
reported by firms located in other regions are substantially lower.
For example, firms located in BRICS countries (Brazil, China, India,
Russia, and South Africa) account for 20% of all firms reporting scope-1
decarbonization projects, but for less than 5% of total decarbonization
investments.

Panel B of Table A.7 details carbon abatement projects across
industries. Almost half of all firms disclosing scope-1 decarbonization
projects belong to the manufacturing and materials sector. Their com-
bined decarbonization investments, however, only account for about
10% of the total investment in emission abatement. In contrast, a
relatively small number of firms in few industries are responsible for
large parts of reported decarbonization investments. With about 70%
of disclosed decarbonization investments, utility and power firms play
a dominant role in corporate decarbonization activities. The remaining
decarbonization investments stem largely from firms in the fossil fuel
(6%), infrastructure (5%), transport (4%), and aviation (4%) industries.

Much of the observed variation in decarbonization investment
across industries is likely driven by differences in baseline emission
levels. Fig. 4(a) therefore plots annual averages of industry-level de-
carbonization investment rates (the ratio of total decarbonization invest-
ment to total reported scope-1 emissions) against the industry share of

13 Scope-2 and scope-3 emission abatement projects account for 14% and
5% of total decarbonization investment, respectively. The remainder comprises
decarbonization projects of hybrid scopes.
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activity type classification.

scope-1 emissions. Across industries, there is substantial heterogeneity
in investment rates for emission abatement activities. For example, the
total decarbonization investment of firms in the manufacturing and
materials industry is on average 7 EUR per ton of reported scope-1
emissions. The utility and power sectors account for a similar share
in carbon emissions; however, with an average investment of 35 EUR
per ton of emitted carbon, they report a decarbonization investment
rate that is substantially higher. Relative to other industries, decar-
bonization investment rates are also high in the infrastructure (53
EUR/tCO2e) and aviation (38 EUR/tCO2e) industries.

Fig. 4(b) displays the share in decarbonization investment by type
of decarbonization activity across industries. Utility and power firms
report the largest share in low carbon energy investment. Firms in the
fossil fuels, manufacturing, and materials sectors — which are often
involved in energy intensive industrial processes — largely rely on
improvements in process efficiencies to reduce their scope-1 emissions.
Decarbonization activities in buildings efficiency projects are most
prominent among firms in the services sector while firms in the trans-
port sector largely invest in projects to abate transportation-related
emissions.

2.2. Carbon price uncertainty and decarbonization investments

We use the survey information on realized decarbonization invest-
ments to conduct a first exploratory analysis of whether firms invest
less to decarbonize when uncertainty about future carbon prices is
high (as discussed before, in times of high carbon price uncertainty
an increased option value incentivizes firms to delay their emission
abatement initiatives).

To analyze such an effect, we construct a panel of firm-level invest-
ments in scope-1 decarbonization activities. For each survey vintage,
firms provide information on the reporting period for which they
disclose information to CDP, which are typically the twelve months
coinciding with the firms’ financial year. We use this information to
infer the level of carbon price uncertainty firms experienced during
their respective reporting periods. We additionally identify a set of
firms that are exposed to ETS carbon price uncertainty by exploiting
a part of the survey where firms report whether they are subject to
certain carbon pricing schemes. This allows us to compare the decar-
bonization investments of firms exposed to the EU ETS to firms without
such compliance obligations at times of varying levels of carbon price
uncertainty.

Sample description. We aggregate decarbonization investment at the
firm-reporting period level and remove observations where firms do
not report valid ISIN-identifiers or reporting periods (see Appendix
Section B for details). To focus on periods with higher coverage of
CDP data and meaningful levels of carbon prices, we limit the sample
to decarbonization investments reported during periods that start in
2018 at the earliest and end by 2022 at the latest. We end up with
49 distinct reporting periods. For each firm and reporting period, we
calculate the average carbon price and average Carbon VIX. Based
on reporting-period-ends and ISIN-identifiers provided by CDP, we
additionally match firm financial data from Moody’s Orbis database.

Regression specification. To test whether the level of carbon price uncer-
tainty influences decarbonization activities of firms exposed to carbon
pricing, we estimate the following regression:

DIR; ; = f;Exposure; x CarbonVIX, + f,Exposure; X D,

(€]
+ /X tw+6, te .

Our main variable of interest is DIR, ,, the ratio of firm /’s total in-
vestment in decarbonization activities to its reported scope-1 emissions
in period z. We assign Exposure; a value of one if firm i disclosed
that their operations are impacted by the EU ETS and reported corre-
sponding positive regulated emissions at any time during the sample.'*
CarbonV I1X, is the average level of the Carbon VIX during reporting
period 7. Similarly, vector D, includes average carbon and oil prices
over that period. Vector X, collects controls for firm characteristics
including firm size, leverage, profitability, and capital expenditure. To
deal with the substantial right-skew in reported investment amounts
and other responses — some of which we believe to be the result of
data entry errors — we winsorize all variables at the 95th percentile.
Measures of profitability and capital expenditure, which are not bound
at zero, are winsorized at the 2.5th and 97.5th percentiles. Table A.11
presents summary statistics on the various variables in the regression.
We also add firm and reporting period fixed effects denoted as y; and
6., respectively. In our most restrictive specification, we replace 6,
with reporting period x country of firm origin fixed effects. We cluster
standard errors at firm and reporting period levels.

14 Survey responses on carbon price exposure are sometimes inconsistent
over time. As EU ETS compliance is based on business activity which typi-
cally does not change much over time, we suspect this is due to reporting
inconsistencies.
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Table 4
Carbon VIX and decarbonization investment ratios.
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Dependent variable: Decarbonization investment rate (DIR)

@ (2) 3 @ 5) ©)
Exposure x Carbon VIX —0.456** —0.413* —0.481* —-0.426** —-0.363* —0.426*
(-2.04) (-2.08) (-2.22) (-2.25) (-1.71) (-1.73)
Exposure x Carbon Price —0.042 -0.018 -0.071 -0.027
(-1.15) (-0.44) (-1.02) (-0.35)
Exposure x Oil Price 0.034 0.045
(0.41) (0.41)
Firm FE Yes Yes Yes Yes Yes Yes
Period FE Yes Yes Yes Yes No No
Firm Characteristics No Yes No Yes Yes Yes
Country x Period FE No No No No Yes Yes
Industry x Period FE No No No No No Yes
Observations 3825 3508 3825 3508 3340 3266
R2-Adjusted 0.47 0.45 0.47 0.45 0.43 0.44

Note: This table summarizes regression estimates of Eq. (1). The dependent variable Decarbonization investment rate is the
ratio of a firm’s investment in decarbonization activities (EUR) to its scope-1 emissions (tCO2e) disclosed to CDP for a
given reporting period. Exposure is an indicator of carbon price exposure that is equal to one if a firm disclosed that,
throughout the CDP sample, any of its operations is regulated by the EU ETS and zero otherwise. Carbon VIX, Carbon
Price, and Oil Price are averages of weekly levels of Carbon VIX (%), carbon prices, and oil prices (EUR) over the firm’s
reporting period, respectively. Table A.1 details definitions of all variables. The sample covers decarbonization investment
reported for periods between years 2018 and 2022. Summary statistics are reported in Table A.11. In parentheses, we

report r-statistics based on standard errors clustered by firm and reporting period. *p<.1; **p<.05

Table 4 presents estimates of the regression in Eq. (1), which allows
us to test the real-options prediction that increasing uncertainty should
raise the value of delaying investment, leading to lower observed
investment activity. Column (1) suggest that firms whose operations
are exposed to ETS carbon prices report lower decarbonization in-
vestment rates than non-exposed firms during times of higher carbon
price uncertainty. This effect is not explained by firm characteristics
(column 2), carbon price levels (columns 3-4), oil price levels (column
5) or reporting period x country-specific characteristics (column 6),
with the statistical significance bouncing around at the 5% level across
specifications. A one standard deviation (or 4.5 percentage points)
increase in the Carbon VIX is associated with a 1.6-2.2 EUR/tCO2e de-
crease in the decarbonization investment rates. Given that the average
decarbonization investment rate is about 18 EUR/tCO2e, this economic
magnitude is substantial.

While the basic findings in Table 4 are consistent with our hypothe-
sis that carbon price uncertainty reduces decarbonization investments,
several factors complicate any confident interpretation of these results.
First, CDP does not provide standards or guidelines on the reporting
of decarbonization investment and does not verify their validity. As a
result, it is difficult to interpret granular firm-level outcomes due to
potential differences in definitions, valuations, or disclosure timings of
emission reduction projects. For example, for projects spanning multi-
ple reporting periods some firms disclose investment in the final period
while others split the amount across all periods. Second, given that
survey information is only available at annual frequencies and the high-
carbon-price sample consists of only five years, a clean identification
of the effects of carbon price uncertainty on decarbonization activity
is challenging. Third, and perhaps most importantly, we only observe
decarbonization investments after a project is realized. The timing of
the investment decision, however, remains unclear, and it could be that
some investments reported in period r may actually have been started
in prior periods. Since our mechanisms links carbon price uncertainty to
the decision to invest, this complicates an interpretation of the results
in Table 4. These factors may explain why, while we detect effects of
carbon price uncertainty on decarbonization investments, we do not
find evidence for the expected positive relationship between the level of
carbon prices and decarbonization investments (this fact could be fur-
ther explained by the substantial correlation between carbon prices and
carbon price uncertainty at these lower frequencies). Consequently, for
our main empirical results, we move away from trying to understand
realized survey-reported decarbonization activities.
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*p<.01

3. Carbon VIX and stock returns of carbon solution providers

In this section, we present our preferred analysis of the effects of car-
bon price uncertainty on decarbonization activities. The key idea is to
first identify firms that primarily provide goods and services that help
other firms decarbonize—firms we call “carbon solution providers”. We
then study the stock returns of these firms as high-frequency proxies for
the expected demand for decarbonization products and services, and
thus expected aggregate decarbonization activities. When carbon prices
rise, polluters have more incentives to decarbonize. If investors expect
spending on decarbonization activities to increase, this should lead to
higher stock returns for carbon solution providers. Similarly, if higher
carbon price uncertainty reduces polluters’ incentive to decarbonize
today, we should observe lower stock returns for carbon solution
providers.

This approach has several advantages over our analyses of survey-
reported decarbonization investments in the prior section. First, ana-
lyzing stock returns allows us to exploit high-frequency variation in
both carbon prices and carbon price uncertainty. Second, firms’ decar-
bonization investments take time to plan and implement. Thus, realized
decarbonization investments would reflect any impact of carbon prices
only with a lag of uncertain length, making it hard to line up realized
investments and carbon price uncertainty over the period when the
investment decision was likely made. In contrast, market expectations
of decarbonization investments should move contemporaneously with
carbon price uncertainty, and stock prices should immediately reflect
these shifts in expectations.

3.1. Identifying carbon solutions

To implement this approach, we first need to catalog the goods
and services demanded by firms hoping to decarbonize their activities,
before identifying “carbon solution providers” as firms offering these
goods and services. To understand firms’ decarbonization activities
and the goods and services demanded to achieve them, we exploit
textual descriptions of individual emission abatement projects in the
CDP data, where firms often describe their decarbonization projects in
some detail. We collect more than 4500 unique project descriptions,
with an average length of 27 words and an interquartile range of 5 to
32 words.
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Fig. 5. Carbon solution keywords by category.

Il Waste
Il Process efficiency

cogeneration (combined heat and power)
photovoltaic (PV) energy

flare gas redu
ewable ener

ction

boiler efficiency"®at exchanger

refrigerant replacement biogas

gy

thermal insulation

Il Building efficiency
I Other

Note: Carbon solutions are based on the 50 most frequent keywords extracted from descriptions of decarbonization projects. Larger font size corresponds to higher
investment amounts. In some cases, a carbon solution occurs across multiple categories. In this case, we assign the category with most frequent occurrence. Online
Appendix Table A.12 lists carbon solutions along with the corresponding investment amount.

We rely on the large language model GPT 3.5 Turbo version 0125
(henceforth GPT) developed by OpenAl, to extract common carbon
solutions from these descriptions of carbon abatement projects. For
every project description, GPT returns a keyword or at most 3-word
phrase that is most related to a product or service used to abate carbon
emissions (see Table A.8 in the Online Appendix for stylized examples
of project descriptions and corresponding carbon solutions identified by
GPT).'> We consolidate carbon solutions identified by GPT by merging
similar keywords, providing the full term for acronyms and removing
generic keywords.'® This process identifies more than 1250 unique
carbon solutions.

Fig. 5 presents the 50 most frequent carbon solutions extracted from
the reported decarbonization projects. Together, they represent more
than 75% of total investments in scope-1 emission abatement. The
most popular decarbonization activities include investing in renewable
energy sources such as wind and solar, waste energy prevention, and
fuel and vehicle replacement in the transportation sector. Firms also
report a wide range of other industry-specific solutions such as boiler
upgrades, co-generation, or variable frequency drives. This granularity
in carbon solutions allows us to provide a rich characterization of firms’
emission abatement strategies.

3.2. Identifying carbon solution providers

We next identify firms that sell carbon solution products or services,
and that would thus benefit from increased investments into emission
abatement efforts. To do this, we collect textual descriptions of firms’
main products and services from Moody’s Orbis database. We combine
this information with trade descriptions — a standardized description of

15 Specifically, we provide the following prompt to GPT: “You will be provided
with unstructured text in triple quotations, and your task is to find a single keyword
or phrase of maximum 3 words that is most related to a measure or product to
reduce carbon emissions. In case the text is not related to carbon emission reduction,
provide N/A as keyword. Here is the text: [project description]”. As the GPT
system role carries a higher weight than the user role, we provide the prompt
as part of the system content and insert the project description starting with
“Here is the text:” as user content. To reduce the risk of hallucination, we set
the temperature parameter to 0.3.

16 For example, the carbon solution carbon capture and storage (CCS) uni-
fies keywords returned by GPT such as CCS, carbon.*capture, co2.*capture,
capture.*storage where .* indicates a placeholder of any length. We remove
stand-alone generic keywords such as substitution or reduction that may not be
helpful to detect specific carbon solution providers.
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a firm’s business model that Moody’s collects from different sources —
into a single text-based summary of a firm’s main business activities. To
focus on firms that would most benefit from decarbonization activities
undertaken in Europe, and for which we can observe stock returns,
we limit our main sample to publicly listed European firms. After
removing short summaries with fewer than 10 words, we end up with
5193 firm-level descriptions of associated business models and specific
products offered. The average length of these descriptions is about 45
words. For example, the description of Waga Energy SA is: Products and
services: “Landfill gas upgrading into grid-compliant biomethane renewable
natural gas (designs, builds, and operates landfill gas recovery, upgrades,
and grid-injection projects)”. Business Model: “The Company is developing
biomethane projects for the energy transition”.

Based on these firm descriptions, we identify firms providing carbon
solutions to other entities. Since detecting carbon solution providers
requires semantic understanding and contextual awareness of text, we
work with OpenATI’s latest GPT Model 4 (GPT4). For every description
of a firm’s business model and products, we ask GPT4 to identify
whether this firm is a carbon solution provider satisfying two criteria.
First, the firm’s primary business model must be to provide carbon
solutions. Second, the carbon solutions must be investment goods or
service purchased by other firms instead of retail products such as smart
home appliances or electric scooters for which purchase decisions are
not usually driven by carbon prices. As examples, we provide GPT4
with the 50 most common carbon solutions used by firms as identified
in the CDP data.!” Appendix Section C provides further details on our
approach, including the prompts given to GPT4.

GPT4 identifies 259 firms as providers of more than 600 carbon
solutions, we release a list of carbon solution providers, along with
corresponding carbon solutions at www.carbonvix.org. Figure A.2
presents a word cloud of the 50 most frequent carbon solutions pro-
vided. Many of the goods and services offered are similar to the carbon
solutions extracted from project descriptions of decarbonization invest-
ments. GPT4, however, also detects carbon solutions different to those
included in the list of example solutions. For example, GPT4 identifies
energy storage solutions helpful to reduce energy demand and supply
imbalances or energy audits conducted to identify energy conservation
potential.

17 Additionally, we provide a total of seven stylized examples of firm de-
scriptions along with expected output (see Online Appendix Table A.13). This
few-shot prompting technique helps to produce reliable output and sort out
certain edge cases such as firms providing environmental solutions unrelated
to the reduction of greenhouse gases.
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Alternative approaches to identifying carbon solution providers. We con-
sider two alternative approaches to identifying carbon solution
providers. First, we make use of the firm-level climate change exposure
data from Sautner et al. (2023). This data is based on firms’ earnings
calls and provides a measure of firms’ “climate opportunities” at the
firm-year level. Over the sample of 2013 to 2022 the measure is
available annually for an average of around 700 European firms. We
take the average of each firms’ climate opportunity exposure across
the sample and assign firms above the 95th percentile as climate
opportunity firms.

We create a second alternative measure of carbon solution providers
as the set of firms held by ETFs that aim to profit from decarbonization.
Specifically, we consider the January 2024 holdings of the “European
Green Deal UCITS ETF (EUGD)”. The ETF contains 50 European firms
that “could benefit from the European Green Deal, a landmark transaction
enacted by the European Commission to make Europe the first carbon
neutral continent”. ETF holdings data make use of the knowledge of
portfolio managers, which can include soft information that is not
necessarily contained in official reports and accounting metrics.

Characteristics of carbon solution providers. To explore the characteris-
tics of climate solution providers, we obtain Compustat Global data
via the code from Jensen et al. (2023). We subset the sample to
firms that are listed in a country of the European Economic Area,'®
and to observations for which we observe all characteristics used in
the regressions below. We obtain observations for around 7000 firms
(including 201 carbon solution providers) across 23 (two digit NAICS)
industries in 29 countries.

Table 5 compares firm characteristics of carbon solution providers
to the characteristics for the full sample of firms. Carbon solution
providers are relatively small, with an average equity market capi-
talization of $1.5 billion, and relatively young (for European firms),
with an average age of about 24 years since listing. At the same time,
carbon solution provider’s equity is relatively highly valued, judging
by their market-to-book ratio; they also invest relatively more per book
value of assets (see CAPX). To provide further insight into the types of
businesses that help others to decarbonize, Table A.14 shows the full
list of carbon solution providers. For example, “Aker Carbon Capture”
helps hard-to-abate industries install devices that capture CO2 emitted
in their production process; “Sweco AB” provides engineering and
consulting services in the environmental space. The more represented
industries are manufacturing, utilities, and services.

Merging climate opportunity firm identifiers — those identifying
firms based on the Sautner et al. (2023) measure — with the stock
return data yields a sample of 77 climate opportunity firms, where 10
firms overlap with the sample of climate solution firms. Merging the
ETF constituents yields 44 firms with an overlap of seven. Columns
two and three in Table 5 display the average firm characteristics for
the respective samples. Compared to our sample of “carbon solution
providers”, the firms in the climate opportunity and ETF samples are
relatively larger, with an average market capitalization around $15
billion; they are also relatively older, with an average age since listing
of about 34 years and they invest less per book value of assets.

3.3. Carbon VIX and carbon solutions providers’ stock returns

Data. We use the approach of Jensen et al. (2023) to obtain daily
stock returns data from Compustat Global. All returns are from the

18 As of 2024 the European Economic Area consists of 30 countries, but we
lack stock return data for Liechtenstein. Table A.15 in the Online Appendix
displays the list of countries in our sample.
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Table 5

Firm characteristics.
Firms: Carbon Climate ETF All

solution opportunity

Nr. Firms 201 77 44 7056
Nr. Industries 16 12 7 23
Nr. Countries 18 15 12 29
Market-Cap (Bil.) 1.5 14.0 17.1 2.1
Market-to-Book Ratio 1.3 1.2 1.7 0.6
Sales (Bil.) 1.5 15.3 13.9 1.7
Nr. Employees (1000s) 2.5 20.9 20.2 2.1
Age (Years since Listing) 23.9 33.8 33.8 27.6
Assets (Bil.) 2.7 38.2 25.7 8.1
CAPX per Assets (0.001s) 56.7 48.7 45.8 48.1

Note: This table shows firm characteristics of carbon solution providers, climate
opportunity firms, and ETF constituents in columns one, two, and three, respectively.
The three measures are described in Section 3.2. Column four contains the full sample
of publicly traded European firms. Averages are over all weekly observations of the
respective sample. The sample period is 2013.09 to 2022.12.

perspective of a European investor who does not hedge currency risk.
To alleviate concerns of illiquidity and slow information diffusion
(Menzly and Ozbas, 2010), we only consider firms with a lagged market
capitalization above $100 million, reducing the sample of carbon solu-
tion providers to 157. Further, our regression estimates are based on
weekly returns, which are less affected by illiquidity than daily returns.

Regression specification. We explore the effects of carbon prices and
carbon price uncertainty by estimating the following regression spec-
ification based on the idea that increases in carbon price uncertainty
(and reductions in carbon prices) should reduce overall decarbonization
investments and thus reduce carbon solution providers’ firm value:
R;, = f,CarbSol, X RFU# + p,CarbSol; X ACarbonVIX, @
+Xiy + Wi + Scpxinaiyxe T €

where R;, is the stock return of firm i in week ¢, CarbSol; is an indicator
whether firm i is a carbon solution provider, REV4 is the return of
EUA futures and ACarbonV1X, is the weekly change in the Carbon
VIX. X;, contains controls for other market variables that we describe
below. We add fixed effects by firm (y;) and country x industry x week
(8¢ (iyxind(iyx)- As a result, our analysis compares firms that do and do not
provide carbon solutions within the same country, industry, and week
(the industry classification is based on 2-digit NAICS codes). To reduce
the impact of outliers, all explanatory variables are winsorized at the
2.5th and 97.5th percentiles. For ease of interpretation, carbon returns
and Carbon VIX changes are normalized to have zero mean and unit
variance. Standard errors are double clustered by firm and country x
industry x week.

Carbon price returns correlate with general equity and energy mar-
ket returns, in part because higher expected economic activity should
increase both carbon prices and firm valuations. For similar reasons,
carbon price uncertainty is naturally related to general economic un-
certainty (the supply- and demand-side arguments for such market
relations are described in Section 1). One might thus be worried that
carbon solution providers are just more exposed to general equity-
or energy market uncertainty, and that g, and f, would at least in
part pick up such relationships. To alleviate such concerns, we control
for stocks’ exposures to equity and energy markets via fixed effects
of week x lagged-beta deciles, where betas capture the relationships
with general equity price returns, equity VIX changes, oil price returns,
and oil VIX changes. By estimating the betas over rolling windows,
we allow for time-varying exposures. Thus, our regression estimates
capture the different exposure of climate solution providers vs. other
firms to carbon prices and uncertainty that is not explained by their
covariances with general equity or energy markets.

Results. Table 6 provides regression estimates of Eq. (2). Columns
(1) and (5) use our baseline method for identifying carbon solution
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Table 6
Regression: Carbon solution providers’ stock returns.
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2018-2022: High carbon price

2013-2017: Low carbon price

@ 2 3) “ ) (6) @) [€C))

Sol. Opp. ETF All Sol. Opp. ETF All
Carbon Solutions 12.1* 13.8* 7.0 9.3** 5.4 -5.0 4.7 3.6
X Carbon Price Return (2.09) (2.07) (1.44) (2.31) (0.85) (-0.70) (0.72) (0.81)
Carbon Solutions -13.4* —20.0%** —15.2* —15.4** 6.0 -5.0 -0.7 1.8
X CVIX Change (-2.08) (-2.70) (—2.50) (-3.61) (0.87) (-0.79) (-0.12) (0.40)
Date x Beta Equity Yes Yes Yes Yes Yes Yes Yes Yes
Date x Beta Equity VIX Yes Yes Yes Yes Yes Yes Yes Yes
Date x Beta Oil Yes Yes Yes Yes Yes Yes Yes Yes
Date X Beta Oil VIX Yes Yes Yes Yes Yes Yes Yes Yes
ID Yes Yes Yes Yes Yes Yes Yes Yes
Date x Indu x Cntry Yes Yes Yes Yes Yes Yes Yes Yes
Observations (k.) 393 211 535 535 252 95 404 404
R2-Adjusted 0.27 0.35 0.27 0.27 0.21 0.36 0.21 0.21

Note: This table presents regression estimates of Eq. (2)

. We regress weekly stock returns of European firms on

the

interactions between a carbon solution indicator and carbon price returns as well as the interaction of the carbon solution
indicator and Carbon VIX changes. We apply four different measures for identifying carbon solution firms, as identified
in Section 3.2. Columns (1) and (5) use our novel survey evidence. Columns (2) and (6) use data from Sautner et al.
(2023). Columns (3) and (7) use ETF constituents. Columns (4) and (8) use the union of these three measures. Each sample
consists of the firms for which the respective measure is available for the firm year. Columns (1) to (4) represent the high
carbon price Sample 2018.01 to 2022.12. Columns (5) to (8) represent the low carbon price Sample 2013.09 to 2017.12.
Explanatory variables are standardized to zero mean and unit variance. We add controls for exposure to both equity and
energy markets, via fixed effects for week x lagged beta deciles. Further, we add fixed effects by stock ID (firm) and
week X industryX country. Standard errors are double clustered by firm and week X industryx country, and t-stats are presented

in parentheses.

providers, with the sample consisting of firms for which we could
obtain firm descriptions from Orbis. Columns (2) and (6) use firms’
climate opportunity exposures from Sautner et al. (2023), with the
sample consisting of European firms in this dataset during at least one
sample year. Columns (3) and (7) use holdings data, and the sample
consists of all European listed securities in the Jensen et al. (2023)
dataset. All measures are described above. Columns (4) and (8) identify
a firm as a carbon solution provider if it is identified as such by at
least one of our three methods. Similar to columns (3) and (7), we
use the broadest available sample of firms. Columns (1) to (4) contain
observations over the years from 2018 to 2022, the period when carbon
prices in the EU ETS were relatively high (see Fig. 2(a)). Columns (5)
to (8) contain observations over the low-carbon-price years, 2013 to
2017.

Column (1) shows that, relative to other firms, stock returns of
carbon solution providers move positively with carbon price increases
and negatively with increases in carbon price uncertainty. This finding
is consistent with the mechanism that when carbon price uncertainty
rises, polluters have a lower incentive to invest into decarbonization. As
a result, expected spending on decarbonization falls, leading to lower
stock returns for carbon solution providers. Similarly, our findings sug-
gest that expected decarbonization spending rises when carbon prices
increase.'® Columns (2) to (4) show that our estimates are robust to our
alternative methods of identifying of carbon solution providers.

Importantly, the effect of increases in carbon price uncertainty on
our proxy for expected decarbonization is of similar magnitude to the
effect of declines in carbon prices. A one standard deviation increase in
the carbon price return is associated with a 12.1 basis points relative
increase in the stock returns of carbon solution providers, while a one

19 One alternative interpretation is that carbon prices and carbon price
uncertainty represent discount rate news that are specific to carbon solution
providers, though our analysis of firm sales in later sections suggest this is
not the only channel. Another alternative is that our regressions suffer from
reverse-causality whereby carbon solution providers stock returns drive carbon
prices, though it is unclear what economic mechanism would drive such a
relationship.
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standard deviation higher increase in the Carbon VIX is associated
with a 13.4 basis points relative decrease in those stock returns. Put
differently, a one percentage point increase in carbon price uncertainty
has a similar impact on carbon solution providers’ stock returns as a
EUR 0.98 decline in the carbon price.?

Columns (5) to (8) show the same regressions, but estimated over
the period 2013-2017, when average carbon prices were very low. In
periods when carbon price levels are negligible, neither carbon price
returns nor changes in carbon price uncertainty should have an impact
on polluters’ decarbonization decisions and thus on solution providers’
stock returns. For example, when EU ETS carbon prices were around
EUR 7 per ton of carbon emissions, BloombergNEF (2015) reported
that “to date, [the carbon price] has simply been too volatile and weak
to bank investments on”. As a result, estimating the regressions over
this period provides a ‘placebo test’ in which we would not expect to
find strong relationships between carbon price returns and uncertainty
and expected decarbonization investment. Indeed, we find all estimates
over this period to be small in magnitude and statistically insignificant.

Graphical representation of results. To obtain a graphical representation
of our results from Table 6, we extract carbon solution providers’
residual returns by estimating the following regression at the weekly
level:

3

Carbon solution providers’ residual returns are the ¢ of firms that
we identify as carbon solution providers in Section 3.2. They capture
each firms’ weekly stock return that is not explained by security fixed
effects (y;), country x industry x week fixed effects (8, ;xinayxe)> OF
controls for equity- and energy-market betas (X;,). As a result, carbon
solution providers’ residual returns capture additional news about these
firms’ expected cash flows, for example from changes in expected

Ry =X + Wi + Sing(iciyse + €+

20 We arrive at this approximation via TX5 =
weekly standard deviation of Carbon VIX changes over 2018-2022 and 2.4
is the weekly standard deviation of carbon price returns in EUR, which we
obtain as the product of the standard deviation of carbon price returns (0.06)

and the average carbon price (EUR 40).

SI34 24 o —0.98, where 2.7 is the
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Fig. 6. Expected decarbonization investment.
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Note: Panel (a) plots the equal-weighted average residual returns of carbon solution providers by ventiles of the weekly EU ETS carbon emissions price return.
Panel (b) plots the Carbon VIX change on the horizontal axis. Carbon solution providers are identified as described in Section 3.1 and residual returns are extracted
as specified in regression (3) to provide a high-frequency measure of expected decarbonization investments. The sample period is 2018.01 to 2022.12.

Table 7
Regression: Carbon solution stock returns, additions.
@ 2) 3) “@ 5) (6)
Carbon Solutions 10.41%* 8.96* 8.69** 6.38** 1.22 9.31**
x Carbon Price Return (2.65) (1.83) (1.96) (2.06) (0.85) (2.32)
Carbon Solutions -10.81** —12.42* —9.19** —2.56** -17.19"*
x Carbon VIX Change (~1.96) (-2.37) (-2.88) (-2.16) (-3.96)
Carbon Solutions —15.10***
%X CIV Change (-3.72)
Carbon Solutions 6.42
x Carbon Vol. Change (1.34)
Fixed Effects Y Y Y Y Y Y
Firm Size Restriction $100m None $100m $100m $500m $100m
Frequency week week week week day week
Winsorized RHS Y Y N Y Y Y
Winsorized LHS N N N Y N N
Observations (k.) 535 1110 535 535 976 535
R2-Adjusted 0.27 0.07 0.27 0.30 0.32 0.27

Note: This table presents regression estimates of Eq. (2). We regress weekly stock returns of European firms on a carbon
solution firm indicator interacted with various variables. The carbon solution firm indicator captures the union of our three
measures. Columns (1) to (3) contain our baseline regression, but (1) uses CIV changes instead of CVIX changes, (2) does
not subset firms by market capitalization, (3) does not winsorize independent variables, (4) winsorizes stock returns at
percentiles 2.5 and 97.5, (5) uses all variables at the daily level, and (6) adds an interaction with the change in lagged
realized carbon return volatility. Explanatory variables are standardized to zero mean and unit variance. The firm size
restriction states the lagged equity market capitalization (in million dollars) below which we drop return observations. We
add controls for exposure to both equity and energy markets via fixed effects for date x lagged beta deciles (see Table 6 for
details). Further, we add fixed effects by stock ID (firm) and date x industry x country. Standard errors are double-clustered
by firm and week x industry x country, and t-statistics are presented in parentheses.

decarbonization investments. Fig. 6 provides a binscatter plot of the
average residual returns against carbon price returns and Carbon VIX
changes. The significantly negative relationship between Carbon VIX
changes and carbon solution providers’ residual returns is visible in
the right panel of the figure. Beyond visualizing our regression results,
an additional benefit of extracting the residual returns is that these
returns might be useful in related research: carbon solution providers’
residual returns should covary with any variable that impacts (de-
carbonization) investments into the goods and services provided by
our carbon solution firms. We provide the residual return series at
www.carbonvix.org.

Robustness tests. The finding that carbon solution provider’s (relative)
stock returns decline with increases in carbon price uncertainty is
robust to various adjustments to the regression specifications. Table
7 displays the results of robustness checks, where carbon solution
providers are identified as in column (4) of Table 6.
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Column (1) uses changes in Carbon Implied Volatility instead of
changes in the Carbon VIX to proxy for innovations in carbon price
uncertainty. Column (2) does not exclude firms below $100 million
lagged market capitalization. Column (3) does not winsorize the right-
hand-side variables. Column (4) also winsorizes stock returns at the
2.5th and 97.5th percentiles. Our core results are highly robust to these
variations. Column (5) estimates regression (2) at the daily instead
of the weekly level. While stock returns are more noisy at higher
frequencies, the basic relationships generally survive in this sample,
though the statistical significance of the carbon return effect declines.
The smaller absolute coefficients of the point estimates are largely due
to the smaller standard deviations of daily vs. weekly returns.

Berger et al. (2020) show that many relationships that are often at-
tributed to changes in expected volatility are in fact related to changes
in realized volatility, which comoves with expected volatility. To see
whether this might also be the case in our setting, column (6) also
interacts the carbon solution firm indicator with the weekly change


http://www.carbonvix.org
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Table 8
Regression: Carbon solution providers’ sales.
@ 2 3) 4 5)
All All All All Sol.
Carbon Solutions -0.014 —0.005 —0.000 -0.017 —-0.004
x Carbon Price (-0.86) (-0.23) (-0.01) (-0.81) (-0.33)
Carbon Solutions —0.022** —0.019** -0.018** —0.025*"* -0.016**
x Carbon Price Uncertainty (-2.45) (-2.57) (-2.13) (-2.73) (-2.26)
Carbon Solutions -0.011 —-0.010
x Oil Price (-1.08) (-0.59)
Carbon Solutions 0.000 —-0.001
x Oil Price Uncertainty (0.03) (-0.13)
Stock ID (Firm) Yes Yes Yes Yes Yes
Quarter Yes Yes Yes Yes Yes
ID X Quarter Of Year No No Yes No No
Winsorized Sales No No No Yes No
Observations (k.) 34 34 33 34 26
R2-Adjusted 0.318 0.318 0.182 0.908 0.294

Note: This table presents regression estimates of Eq. (4). We regress quarterly sales per assets of European firms on the
interactions between a carbon solution indicator and carbon price, as well as the interaction between the carbon solution
indicator and Carbon VIX. Columns (1) to (4) identify carbon solution firms as the union of the three measures discussed in
Section 3.2, while column (5) identifies carbon solution firms via our novel survey evidence. In column (4), sales per assets
are winsorized at the 95th percentile. We restrict the sample to the high carbon price period 2018.01-2022.12. Variables
are standardized to zero mean and unit variance. We add controls for exposure to both equity and energy markets via the
interaction of the carbon solution indicator with the Oil Price and the Oil VIX. Further, we add fixed effects by stock ID
(firm), quarter, and ID x quarter-of-year. Standard errors are double-clustered by firm and quarter x country.

in realized past carbon price return volatility, measured as the daily
volatility over the previous 120 days. The insignificant coefficient on
realized volatility changes in column six shows that, in our setting, it
is truly uncertainty about future carbon prices that affects the stock
returns of carbon solution providers.

3.4. Carbon VIX and carbon solutions providers’ sales

While the previous analysis of carbon solution providers’ stock
returns exploits the high-frequency nature of the Carbon VIX and
addresses the problem of time-alignment between measured carbon
price uncertainty and firm investment decisions, the evidence remains
indirect, since stock returns capture changes in investors’ expectations,
instead of changes in realized variables. We next address this issue by
regressing carbon solution providers’ sales onto carbon price uncer-
tainty. If carbon price uncertainty reduces aggregated decarbonization
investments, then carbon solution providers’ sales should correlate
negatively with the level of the Carbon VIX.

Regression specification. We explore the effect of carbon price uncer-
tainty on firms’ sales by estimating the following regression specifica-
tion:

Sales; ,

m = p,CarbSol; X EUA,; ; + f,CarbSol; x CarbonVIX;, @

+X;, +w; +6 +e.

where Sales; , are the sales of firm i in quarter ¢, Assets;, are the assets
of firm i in quarter 7, CarbSol; is an indicator whether firm i is a carbon
solution provider, EU 4;, is the mean level of the EUA price over the
respective firms’ reporting period and CarbonV I1X;, is the average level
of the Carbon VIX over the same period. X;, contains controls for other
market variables, which we describe below. We add fixed effects by
firm (y;), reporting quarter (§,), and firm x QuarterOfYear to capture
firm-specific seasonality in sales. For ease of interpretation, all variables
are normalized to have zero mean and unit variance. Standard errors
are double clustered by firm and quarter x country. To reduce the impact
of outliers, all explanatory variables are winsorized at the 2.5th and
97.5th percentile.

We obtain firm-level characteristics from Compustat Global, as de-
scribed in Section 3.2. Since the high-price sample spans a relatively
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short five-year period, we focus on quarterly sales to ensure sufficient
within-firm variation over time; we thus restrict the sample to firms
that report on a quarterly basis. This restriction is consistent with prior
work using similar data (e.g., Barrot et al., 2024; Froot et al., 2017).
Appendix Section D provides further details on sales and asset variables.

Results. Table 8 reports estimates from Eq. (4) for the high-price
sample. Column (1) shows that a one-standard-deviation increase in
the Carbon VIX is associated with a 0.022-standard-deviation decline in
carbon solution providers’ sales-to-assets ratio relative to other firms.
Quantitatively, for a firm with EUR 1 billion in assets, a 6.6-point
increase in the Carbon VIX corresponds to a relative reduction in sales
of roughly EUR 37 million.?!

Column (2) adds controls for the oil price level and oil-price uncer-
tainty (OVX). The estimated effect of carbon price uncertainty remains
largely unchanged, indicating that exposure to energy markets does
not explain the covariance between carbon solution firms’ sales and
carbon price uncertainty. Column (3) introduces the most restrictive
specification, including firm-quarter fixed effects constructed as the
interaction of firm identifiers with Quarter Of Year. Quarter Of Y ear
denotes the calendar quarter and is defined independently of each
firm’s fiscal reporting cycle. Consequently, I D X Quarter Of Y ear does
not absorb all firm-level quarterly variation but instead controls for
seasonal patterns in sales. Including these fixed effects has little impact
on the estimated coefficients, suggesting that seasonal fluctuations in
sales do not drive our results.

Appendix Section D documents large positive skewness in firms’
sales-to-assets ratios, raising the concern that our regression results
might be influenced by outliers. Column (4) addresses this issue by win-
sorizing sales-to-assets at the 95th percentile across firms. The resulting
estimates are slightly larger and more significant. Column (5) uses our
novel survey-based measure to identify carbon solution providers and
yields similarly robust results. Together, these findings indicate that our
conclusions are not driven by outliers or by the specific definition of
carbon solution providers.

21 The standard deviation of the Carbon VIX is 6.6, the regression coefficient
on sales-to-assets is 0.022, and the standard deviation of sales-to-assets is 1.66.
Thus, a 6.6-point increase in the Carbon VIX implies a 0.022 x 1.66 = 0.037
decline in sales-to-assets.
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In conclusion, the evidence from firms’ sales aligns closely with the
findings based on firms’ survey-reported decarbonization investments
and their stock returns: increases in carbon price uncertainty appear to
reduce aggregate spending on decarbonization activities. Although the
sales-based estimates are consistent with our proposed mechanism, they
face the same time-alignment concern discussed in Section 2. In par-
ticular, it is unclear how carbon-market variables should be lagged to
ensure that investment responses are correctly mapped into subsequent
sales outcomes. This time-alignment issue may also help explain why
the regression does not yield a significantly positive effect of the carbon
price level on carbon-solution providers’ sales—a pattern that mirrors
the challenge observed when examining completed decarbonization
investment data.

Overall, evidence on the negative effects of carbon price uncertainty
on decarbonization investment is consistent across three independent
data sources: survey responses on firms’ actual investments, stock
returns, and sales data from carbon-solution providers.

4. Conclusion

A common policy approach to reducing aggregate carbon emissions
is to limit total emissions through cap-and-trade schemes. The resulting
equilibrium carbon price, however, is inherently uncertain, reflecting
fluctuations in the future supply of and demand for emission permits.
This paper provides new evidence on the magnitude and economic
effects of such carbon price uncertainty in the EU ETS, the world’s
largest cap-and-trade system. We construct novel, high-frequency mea-
sures of carbon price uncertainty and use them to show that heightened
uncertainty delays firms’ decarbonization investments.

These findings have important policy implications. Most impor-
tantly, policymakers may wish to account for the adverse effects of
uncertainty when designing carbon-pricing mechanisms aimed at pro-
moting decarbonization. Such uncertainties could be mitigated insti-
tutionally - for example, by providing clearer guidance about future
policy adjustments — or through market-based instruments such as
explicit carbon price floors or ceilings. We leave to future research
the question of how to optimally design such interventions to improve
the performance of carbon-pricing schemes. To facilitate further work,
we make our high-frequency measures of carbon price uncertainty
and expected decarbonization investments publicly available at www.
carbonvix.org
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