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ABSTRACT

We adopt a financial-materiality approach in studying the costs and benefits of
measuring greenhouse gas (GHG) emissions on social welfare. Production by
firms internally generates direct GHG emissions (Scope 1 emissions) whereas
outsourcing to suppliers generates indirect emissions (Scope 3 emissions).
Our analysis incorporates two frictions: (1) long-term negative environmental
externalities caused by emissions and (2) fragmentation in regulating emis-
sions disclosures across jurisdictions. We show firms’ failure to internalize the
environmental externalities provides a rationale for mandating Scopes 1 and
3 emissions disclosures. However, such disclosures induce emissions leakage.
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Disciplining emissions leakage calls for setting complementary—rather than
independent—disclosure requirements for Scopes 1 and 3 emissions. Our
analysis underscores the importance of improving the reliability of Scope 3
emissions measurements given that measurements of Scope 1 emissions are
highly reliable for public firms in Europe and the United States. Regulators
can further enhance the disciplinary effects of Scope 3 emission measure-
ments by requiring the allocations of Scope 3 emissions in supply chains to
individual firms, especially when allocating Scope 3 emissions is more reli-
able, and for firms/industries that are more prone to transition climate risk
relative to physical climate risk.

JEL codes: D21, D53, D61, D62, G12, G18, G38, M41, M48

Keywords: Scope 3 emissions; Scope 1 emissions; financial materiality; en-
vironmental externalities; climate-related disclosures; climate risks; physi-
cal risk; transition risk; greenhouse gas emissions; direct and indirect emis-
sions; market discipline; real effects

1. Introduction

Regulators and standard setters around the world have recently developed
various climate-related reporting requirements and standards.' The ratio-
nale for mandatory disclosure of climate-related information is that such in-
formation is financially material, influencing investors’ assessment of firms’
future cash flows and thus their pricing of firms. Market pricing of climate-
related risks would, in turn, rein in firms’ polluting behavior and mitigate
welfare losses caused by pollution.? Even though such a rationale seems
compelling, mandatory disclosure of climate-related risks has been contro-
versial.? First, given that many firms already voluntarily disclose such infor-
mation in their financial statements, the net benefits of mandatory disclo-
sures are unclear. Second, given that measurement of climate-related risks

1'U.S. Securities and Exchange Commission, “The Enhancement and Standardization of
Climate-Related Disclosures for Investors” (Securities and Exchange Commission [2024]); In-
ternational Sustainability Standards Board (ISSB), “Press Release: ISSB issues inaugural global
sustainability disclosure standards,” June 26, 2023; and European Financial Reporting Advi-
sory Group (EFRAG), “Press Release: EFRAG Launches a Public Consultation on the Draft
ESRS EDs,” April 29, 2022.

2 See, for example, Fama [2020] who argues that market forces discipline “dirty” firms via
lower stock prices. Such lower prices, in turn, provide incentives to firms to become “clean”
and, hence, be rewarded via higher prices.

3This is particularly true in the United States where the SEC’s final climate rule (Securi-
ties and Exchange Commission [2024]) issued on March 6, 2024, is facing numerous lawsuits
challenging the climate rule on various grounds. On April 4, 2024, the SEC voluntarily stayed
implementation of the Climate Rules pending completion of judicial review of the consoli-
dated Eighth Circuit petitions. On February 11, 2025, Acting Chairman Mark Uyeda of the
SEC commented that “the Rule is deeply flawed and could inflict significant harm on the
capital markets and our economy” (Uyeda [2025]). Chairman Uyeda thus “directed the Com-
mission staff to notify the Court of the changed circumstances and request that the Court
not schedule the case for argument to provide time for the Commission to deliberate and
determine the appropriate next steps in these cases,” putting the SEC’s climate rules in limbo.
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MEASURING GREENHOUSE GAS EMISSIONS 3

is unreliable, mandatory disclosures could hinder rather than improve mar-
ket discipline. 4 Third, given fragmented regulation in climate reporting,
mandatory disclosures could cause greenhouse gas (GHG) emissions leak-
age by inducing firms to outsource their production from jurisdictions with
stringent measurement and disclosure policies, to jurisdictions with more
lenient policies, which may impair the social welfare.” To explore these is-
sues, we develop an economic framework to study the costs and benefits of
measuring and disclosing GHG emissions on social welfare.

In our framework, firms set their production plans either by producing
internally or by outsourcing production to a foreign supplier.® The pro-
duction technology pollutes the environment: Each firm’s production gen-
erates direct GHG emissions (Scope 1 emissions) if it produces internally
and generates indirect GHG emissions (Scope 3 emissions) if it outsources
production to the supplier.” To capture measurement errors inherent in al-
locating indirect emissions in a firm’s value chains beyond the firm’s direct
control, we assume that the firms share a common supplier. Each firm’s
production plan generates short-term profits but results in long-term losses
due to rising climate risk from emissions. We capture firms’ exposures to
both transition and physical climate risks. Physical climate risk results from cli-
matic events, such as wildfires, storms, and floods, that disrupt production
facilities. The source of physical climate risk arises from longer term shifts
in climate patterns (e.g., sustained higher temperatures), and such risk is
more likely to be driven by the total emissions by all firms operating in the
economy, rather than emissions by any single enterprise. Conversely, transi-
tion climate risk is caused by the financial impact on firms transitioning to
a low-carbon economy, such as changes in environmental policies, shifts in

4 A controversial aspect of climate-related disclosures is the disclosure of indirect emissions
(Scope 3 emissions) in a company’s value chains beyond the company’s direct control, given
the complexities involved in tracking and reporting this information, and the inherent dif-
ficulty in allocating indirect emissions to individual firms that share common upstream and
downstream activities.

5 Arguably, the concerns of emissions leakage serve as a rationale for other climate poli-
cies besides reporting policies, such as the Carbon Border Adjustment Mechanism recently
introduced in the European Union (EU).

6 As we discuss later, our setting may also be interpreted as one in which the firms who
produce internally are publicly traded firms whereas their supplier is a privately held firm
subject to less stringent regulation.

7In practice, the Greenhouse Gas Protocol defines Scope 1 emissions as “direct GHG emis-
sions that occur from sources owned or controlled by the company,” Scope 2 emissions as
“those emissions primarily resulting from the generation of electricity purchased and con-
sumed by the company,” and Scope 3 emissions as “all other indirect emissions not accounted
for in Scope 2 emissions,” including both upstream (suppliers) and downstream (consumers)
indirect emissions. Accordingly, in our model, firms’ direct emissions coincide with Scope 1
emissions, whereas their indirect emissions in the supply chain fall in the category of upstream
Scope 3 emissions. Because we do not model firms’ emissions from energy consumptions nor
consumers’ emissions from using firms’ products, neither Scope 2 emissions disclosures nor
downstream Scope 3 emissions are pertinent to our study.
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4 L. MAHIEUX, H. SAPRA, AND G. ZHANG

public preferences, and technological adaptations. Arguably, the source of
the transition climate risk likely depends more on firms’ own environmen-
tal footprints, compared to the source of the physical climate risk.

Our framework incorporates two frictions. First, because the level of
physical climate risk is driven by the total emissions from all firms, such
climate risk induces environmental externalities such that greater produc-
tions and pollutions from other firms impair any individual firm’s value.
Environmental externalities play a central role in our framework as they
provide a rationale for regulating emissions disclosures. Second, regulation
over emissions reporting is currently fragmented across jurisdictions.® We
capture such regulatory fragmentation by assuming that—although a reg-
ulator is able to impose requirements on measuring direct emissions from
firms’ productions in its own jurisdiction—the regulator is restricted from
regulating measurements of indirect emissions from the supplier’s produc-
tion outside its jurisdiction. We believe fragmented climate-related report-
ing landscape is a key driving force behind the phenomenon of emissions
leakage, which is a main focus of our study.

We use our framework to study two climate reporting regimes: (1) a
Scope-1 -for-all regime in which firms report their own direct emissions
and the total indirect emissions from their supplier, which equals the sup-
plier’s direct emissions, and (2) a Scopes-1-and-3 regime in which each firm
reports not only its own direct emissions but also its share of the total indi-
rect emissions of its supplier. Comparing the two regimes sheds light on the
following issues that are key in designing climate-related reporting policies.
First, what are the net benefits of including the supplier’s direct emissions
(hence firms’ total indirect emissions) in climate disclosures, in addition to
mandating only firms’ own direct emissions? Second, what should be the
relation between the measurement and disclosure requirements for direct
and indirect emissions? Third, under what circumstances should regulators
favor the Scope-1-for-all regime over the Scopes-1-and-3 regime?

To answer these questions, we adopt a financial-materiality perspective:
Firms’ climate-related risks and GHG emissions are financially material in-
formation that influences investors’ assessment of firms’ future cash flows
and thus the pricing of firms. Our focus on financial materiality reflects
the perspectives that U.S. regulators and international standard setters
have adopted in mandating disclosures of climate-related information to

8 For instance, in developed countries such as the United States and the EU, regulators
develop and impose requirements on the climate-related reporting quality for firms in their
own jurisdictions, whereas in emerging market and developing economies, the climate infor-
mation architecture remains underdeveloped and “there is a lack of granular, quality climate
data in these economies” (International Monetary Fund [2022]). Even within a single country
such as the United States, there is fragmentation in climate reporting requirements across reg-
ulatory jurisdictions. For example, although the recent SEC climate rules in the United States
do not require Scope 3 emissions disclosures and do not apply to privately held companies,
the state of California’s sustainability laws do.
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MEASURING GREENHOUSE GAS EMISSIONS )

investors (International Financial Reporting Standards [2024], Securities
and Exchange Commission [2024]).

Our analyses generate several results. Disclosures of firms’ Scopes 1 and
3 emissions allow market participants to price firms’ climate risks triggered
by the environmental impacts of their operations. A higher price sensitiv-
ity to climate risks, in turn, induces firms to internalize some environmental
costs of their productions, to the extent that these costs influence the mar-
ket’s assessment and pricing of firms’ future cash flows.” Market pricing, in
turn, generates real effects by mitigating firms’ excessive pollution. Stated
differently, relative to no disclosure, emissions disclosure improves market
pricing of firms’ climate risks, inducing price-maximizing firms to disclose
in the first place.

Absent regulation, the disclosure-pricing channel, however, does not in-
duce firms to fully internalize all environmental costs of their productions,
especially the ones in which firms’ productions and emissions contribute to
physical climate risk and thus negatively affect other firms’ values. Because
externalities are not fully priced by the market and therefore internalized
by firms, they overpollute relative to socially optimal levels, and have insuffi-
cient private incentives to disclose their climate performance. Accordingly,
mandatory climate reporting increases efficiency relative to when such a
mandate is absent. Nonetheless, because mandatory climate reporting en-
tails measurement frictions, its efficacy in sustaining efficient market disci-
pline hinges on the reliability or precision of measuring firms’ direct and
indirect emissions. More precise disclosure of firms’ direct emissions disci-
plines their internal production choices and reduces their direct emissions.
Similarly, more precise disclosure by the supplier regarding total indirect
emissions disciplines firms’ decisions to outsource production and curbs
their indirect emissions. However, more precise disclosure of direct emis-
sions triggers emissions leakage by inducing firms to outsource production to
the supplier whose emissions are assessed and priced less accurately.

To mitigate emissions leakage, a potential solution would be to mandate
the disclosure of information regarding firms’ indirect emissions. We show
that although introducing indirect emissions disclosures indeed mitigates
emissions leakage, it also prompts reverse emissions leakage, inducing firms to
shift productions from the supplier to their own internal facilities. Given
reverse emissions leakage, we show that requiring indirect emissions dis-
closures improves total surplus if and only if the precision of measuring
direct emissions is sufficiently high. In particular, as the precision of the
indirect emissions measurement improves, the precision of the direct emis-
sions measurement must also increase in order to make the improved in-
direct emissions measurement surplus-enhancing. Stated differently, our
analysis suggests that direct emissions disclosure is a complement rather than
a substitute to indirect emissions disclosure.

9 Nonetheless, despite the disclosure, firms still fail to internalize environmental externali-
ties to other firms, which are not reflected in firms’ market prices.
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6 L. MAHIEUX, H. SAPRA, AND G. ZHANG

An important policy implication of our result is that a regulator should
tailor the choice of the precision of direct emissions measurement to that
of indirect emissions measurement. Put differently, our results suggest that
regulators should not set the measurement and disclosure requirements in
their own jurisdictions in isolation. Rather, they must coordinate their poli-
cies with their counterparts across the globe. Our analysis thus cautions
against unilateral increases in emissions disclosure requirements in devel-
oped countries—as evidenced by recent regulatory moves in the United
States and the EU—given the dearth of high-quality emission data in devel-
oping countries that are parts of the global supply chain. In this light, our
result may help to reconcile the varying policy decisions toward mandating
indirect emissions disclosure by regulators in the United States and the EU.

We also examine whether the regulator should require firms to measure
and allocate their own share of the total indirect emissions from the sup-
plier’s production (i.e., producing their Scope 3 emissions) or simply re-
quire firms to report the total Scope 1 emissions of their common supplier
(i.e., relying on the supplier’s report). We show that the optimality of sep-
arating indirect emissions hinges on two features of firms’ environments.
First, if the measurement and allocation of indirect emissions to individ-
ual firms are sufficiently reliable, then separation is indeed desirable as
it provides high-quality information that enhances market discipline. Sec-
ond, perhaps more interestingly, whether separation is desirable hinges on
firms’ relative exposures to different types of climate risk—that is, transi-
tion climate risks versus physical climate risks—that have received a lot of
attention in the policy debate. Our analysis suggests that regulators should
require firms reporting both Scopes 1 and 3 emissions where firms are pri-
marily exposed to transition climate risk (e.g., oil and gas companies). This
is because each firm’s transition climate risk is driven by its own Scopes 1
and 3 emissions; providing this firm-level emissions information thus im-
proves market pricing and yields stronger disciplining effects. Conversely,
regulators should favor the Scope-1 for-all regime in industries where phys-
ical climate risk is the main source of climate risk (e.g., agriculture, aqua-
culture, and fishing industries) because the pricing of physical climate risk
depends on information about the firms’ total indirect emissions that equal
the supplier’s Scope 1 emissions.

1.1 RELATED LITERATURE

Our paper contributes to a growing theoretical literature on the role of
Environmental, Social, and Governance (ESG) concerns in capital mar-
kets. One strand of the literature considers the asset pricing implica-
tions of ESG in portfolio choice models, including Bolton and Kacper-
czyk [2021a], Heinkel, Kraus, and Zechner [2001], Pastor, Stambaugh, and
Taylor [2021], and Pedersen, Fitzgibbons, and Pomorski [2021]. Similarly,
Friedman and Heinle [2016] investigate asset pricing implications when
investors have heterogeneous valuations and their utilities can depend
on ESG performance. Smith [2024] shows, in the presence of short-sale
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MEASURING GREENHOUSE GAS EMISSIONS 7

constraints, how disclosing climate risk exposures enables investors to form
efficient climate-hedging portfolios when investors have different pref-
erences for climate risk exposures. Another strand of the literature an-
alyzes governance strategies that induce socially responsible investment
(see, e.g., Chowdhry, Davies, and Waters [2019], Broccardo, Hart, and Zin-
gales [2022], Edmans, Levit, and Schneemeier [2022], Gollier and Pouget
[2022], Landier and Lovo [2024], Laux and Mahieux [2024], Oehmke and
Opp [2024]). More closely related to our study, Biais and Landier [2022] in-
vestigate the role of regulation in a setting in which firms do not internalize
the negative externalities of their GHG emissions. They study the interac-
tion between firms, which can invest in green technologies, and a govern-
ment, which can impose emission caps but has limited commitment power.

A third strand of the literature focuses on the economic consequences
of ESG reporting.lo Bonham and Riggs-Cragun [2022] use a moral haz-
ard model to analyze how ESG activities can be motivated by incorpo-
rating ESG metrics in executive compensation contracts. Chaigneau and
Sahuguet [2023] study how a socially responsible board can align the man-
ager’s interests in a principal-agent model with ESG ratings. Our study is
more closely related to several recent papers that have studied the real ef-
fects of capital market responses on firms’ ESG choices. Using rational ex-
pectations equilibria, Goldstein et al. [2022] and Xue [2023] study how
ESG reporting affects equilibrium prices when investors have both finan-
cial and ESG concerns. Goldstein et al. show that responsible investors can
increase the cost of capital, because their trades reflect ESG performance
rather than financial performance. Xue shows that more precise ESG dis-
closure is not necessarily desirable when investors care more about ESG due
to the subtle interaction between ESG disclosures and market forces. He
also shows that environmental externalities provide a rationale for mandat-
ing more precise climate disclosure. Friedman, Heinle, and Luneva [2021]
also develop a model in which managers care about market prices. In their
model, a manager exerts unobservable effort that affects a firm’s ESG and
cash flows. They analyze how greenwashing and financial misreporting in-
teract. Aghamolla and An [2021] examine the effects of ESG disclosure in
both voluntary and mandatory regimes. They show that mandatory ESG
disclosure can lower investment efficiency. We also analyze the real effects
of climate-related disclosures in a market setting. However, our study dif-
fers from the preceding real effects studies in several important ways. First,
these previous studies generally assume that investors have inherent pref-
erences for green activities. We, instead, adopt a financial-materiality per-
spective in that investors only care about firms’ environmental activities in-
sofar as these activities directly affect firms’ long-term cash flows. More-
over, firms do not take into account the negative externalities from their

10 Christensen, Hail, and Leuz [2021] and Grewal and Serafeim [2020] review the literature
on corporate sustainability and highlight the potential tradeoffs for firms and regulators.
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8 L. MAHIEUX, H. SAPRA, AND G. ZHANG

GHG emissions. In pricing firms, investors therefore need climate-related
disclosures to assess firms’ long-term environmental impact. Second, we
take a measurement perspective and study the economic consequences of
the fragmentation in cross-jurisdiction emissions measurements and disclo-
sures. This allows us to study the tradeoffs of mandating only direct emis-
sions (Scope 1 emissions) disclosures versus mandating both direct and in-
direct emissions (Scope 1 and Scope 3 emissions) disclosures, an issue that
has received much attention recently. Lastly, our model distinguishes be-
tween two types of climate-related risks—that is, transition climate risks ver-
sus physical climate risks—that have received a lot of attention in the policy
debate. By modeling how these two types of climate risks have differential
long-term environmental impacts, we show how climate-related reporting
requirements should be tailored to how firms are differentially exposed to
these two types of climate risks.

Our study is also related to a stream of recent empirical work that docu-
ments the real effects of ESG reporting. Tomar [2023] examines the effects
of the United States GHG Reporting Program and shows that facilities re-
duce their GHG emissions following the disclosure of emissions data. Chen,
Hung, and Wang [2018] find a comparable effect in China. Similarly, Jou-
venot and Krueger [2021] investigate the consequences of a law that man-
dates publicly listed firms in the United Kingdom to disclose their GHG
emissions in a standardized way in their annual reports. They show that
firms respond to the law by reducing GHG emissions. Bolton and Kacper-
czyk [2021b] estimate the effects of disclosure of carbon emissions by firms
on the cost of capital. In another related study, Bonetti, Leuz, and Miche-
lon [2023] show that disclosure of hydraulic fracturing wells and fracturing
fluids creates public pressure, which in turn encourages the internalization
of negative environmental externalities.

Finally, there is a voluminous literature that studies the impact of regu-
latory policies on emissions leakage (i.e., pollution shifting). The conven-
tional approach for mitigating negative externalities generated by firms in-
volves imposing either Pigouvian taxes and/or tradable pollution permits
to induce firms to internalize such externalities. However, regulatory re-
sponses to climate change have been strongly impeded by free-riding issues:
Each country bears the full cost of reducing its emissions while receiving
only a small fraction of the benefits. The possibility of emissions leakage fur-
ther exacerbates this issue (Tirole [2012]). Most environmental economics
papers studying emissions leakage focus on the consequences of introduc-
ing an emissions tax in a limited number of jurisdictions (see, e.g., Van
Der Ploeg and Zeeuw [1991], Babiker [2005], Maria and Werf [2008], Ger-
lagh and Kuik [2014]). Ambec, Esposito, and Pacelli [2024] and Bohringer,
Rosendahl, and Storrosten [2017] analyze policies that could mitigate car-
bon leakage, such as a Carbon Border Adjustment Mechanism. Several re-
cent empirical papers provide evidence consistent with carbon leakage. For
instance, Dai et al. [2024] provide robust evidence that firms outsource part
of their carbon emissions to foreign suppliers. Similarly, Chen et al. [2023]
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t=20 t=1 t=2
Regulator sets rules Firms’ short-term cash flows z;; Long-term environmental
for climate disclosure. are realized and reported. losses @; are realized.
Firms make production Firms disclose climate-related
choices ¢; and f;. information. Market sets

prices P;p for firms.

Fi1c. 1.—Timeline of the model.

find that U.S. polluting firms increase their emissions and receive bank fi-
nancing at lower costs after the sudden U.S. withdrawal from the 2015 Paris
Agreement. Our study shows how another more recent regulatory tool such
as disclosure regulation may both discipline firms’ polluting behaviors and
induce them to partially internalize the social costs of pollution. An impor-
tant takeaway from our paper is in the absence of cross-country coordina-
tion, disclosure regulation may also lead to emissions leakage particularly
in jurisdictions where high-quality emission data that are parts of the global
supply chain is relatively sparse and even lacking. Consistent with our find-
ings, Yang, Muller, and Liang [2023] show that firms shift some pollution
from regulated reporting facilities to their nonreporting facilities after the
introduction of the United States GHG Reporting Program. In addition,
Downar et al. [2021] examine the effects of the 2013 U.K. carbon disclosure
regulation, which mandates the reporting of Scopes 1 and 2 emissions but
not Scope 3 emissions. The empirical evidence supports the mechanisms
in our model. In particular, Downar et al. report that, after the mandate,
affected firms reduced their Scope 1 direct emissions by 8%. Finally, Lu
et al. [2023] provide evidence suggesting that mandating ESG disclosure
leads firms to transfer ESG risks to suppliers in countries with more opaque
ESG disclosures.

2. The Model

2.1 ENVIRONMENT

Our environment consists of N > 2 domestic firms, indexed by i€
{1,2,..., N}, that share a common foreign supplier, indexed by F, and a
domestic regulator who designs the measurement rules for climate-related
disclosures.!! Figure 1 summarizes the timing of events.

Att = 0, each firm ¢ simultaneously chooses its production plan. The pro-
duction of each firm requires two inputs, one produced internally by firm i
and one that firm ¢ outsources to the supplier. Denote the units of firm ¢’s
internal production by ¢; > 0 and the units outsourced by firm ¢ to the sup-
plier by f; > 0. For climate-related disclosures to affect firms’ production

T As mentioned earlier, our model could also be interpreted as one with public firms sub-
ject to disclosure regulations and a private supplier not subject to regulations. We provide
further discussion of this point in section 2.5.
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10 L. MAHIEUX, H. SAPRA, AND G. ZHANG

and pollution incentives, we assume that the firms’ production choices are
not directly observable to outsiders; instead, they can be inferred from the
firm’s accounting report (e.g., Kanodia, Sapra, and Venugopalan [2004],
Kanodia and Sapra [2016], Jiang, Kanodia, and Zhang [2023]).

The firm’s production plan {g;, f;} generates a stochastic gross cash flow
X;att =1, where E [)?Z] = ¢; + fi = 0. For simplicity, we assume that, when
each firm acquires the input from the supplier, the firm has all the bargain-
ing power so that the supplier always breaks even.!? Accordingly, the firm
internalizes all the production costs that are given by

2 2

Clg fi) = % + Iy g (1)
2
where ¢, > 0. Note that the production cost function C (g;, f;) exhibits the
usual properties, thatis, it is increasing and convex in the production quan-
tities {qi, ﬁ} The coefficient ¢, > 0 implies that the firm’s choices of in-
ternal and outsourced production { 9 f,} are strategic substitutes, that is, in-
creasing ¢; increases the marginal cost of producing f;, inducing the firm to
decrease f;, and vice versa. This assumption reflects firms’ limited manage-
ment scope or limited capacity in processing inputs from different sources,
that is, firms’ internal inputs or those from the supplier (e.g., Peng and
Roell [2008], Liang and Nan [2014], Calzolari and Denicolo [2015], Aroza-
mena, Weinschelbaum, and Wolfstetter [2018]). More importantly, strate-
gic substitutability between the two production choices implies that firms
have incentives to shift production to their supplier if such firms face more
stringent climate-related regulation in their jurisdictions.'® This feature al-
lows us to capture the issue of carbon/emissions leakage that businesses trans-
fer productions to jurisdictions with less stringent emission reporting re-
quirements, which has drawn considerable attention in both policy debates
and academic studies (Chen et al. [2023], Dai et al. [2024], Securities and
Exchange Commission [2024]) 4

Att =1, firms’ production plans {q,;, f,} generate short-term cash flows,
denoted by

w1 =X — C(gi f)

12n practice, interactions between firms and their suppliers could depend on many factors
including the operating and financial conditions of the related parties, the environmental
information disclosed, and so forth. To focus on the disciplinary role of capital markets given
climate-related reporting, we abstract away from modeling how climate-related reporting may
influence the interactions between firms and their suppliers.

I3 Note that if ¢s < 0, firms’ production choices would be strategic complements, eliminat-
ing firms’ incentives to shift production across jurisdictions.

M Eor instance, in its final rule of climate-related disclosures, the SEC acknowledges that
“(t)o avoid direct costs of compliance or to simply report a lower emissions amount in their
required disclosures, some registrants may take steps to reorganize their business in order to
shift certain parts of their Scope 1 and Scope 2 emissions into the Scope 3 emissions category”
(p- 784, Securities and Exchange Commission [2024]).
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MEASURING GREENHOUSE GAS EMISSIONS 11

We assume that there is an accounting system that measures and reports
firm ¢’s short-term cash flows z;; to the market. To study the issue of climate-
related disclosures, we assume that firms’ production processes have long-
term environmental impacts. Firm #’s production of input ¢; generates the
following direct emissions of GHGs

6 = q; + Vi, (2)

where y; ~ N(O, af) and is independent of all other random variables.
Equation (2) captures the feature that a larger scale of production gen-
erates more emissions in the sense of first-order stochastic dominance
(FOSD). Nonetheless, the exact environmental impacts of firms’ opera-
tions are likely nondeterministic, for example, the emission of GHGs from
a firm is a stochastic function of the firm’s production as the emission level
likely depends on many other (random) factors in the environment.'® Sim-
ilarly, each firm ¢ that outsources the production of some input f; to its
supplier results in the following ¢ndirect emissions of GHGs

er = fi +vir,

where y;r ~ N (0, 01?) and is independent of all other random variables.!6
Accordingly, the total indirect emissions from the supplier’s production for
all firms are given by

N
e = Z &r. (3)
i1

The total long-term environmental impacts of firms’ and their supplier’s
productions generate climate risks that we capture as a long-term loss

N

D= kr(et+er) + kp Z (¢j + ejr). (4)
_f—/ .
transition climate risk j=1

physical climate risk

for each firm ¢ that is realized at ¢ = 2 where the coefficients ky > 0 and
kp > 0 are common knowledge. Firm ¢’s environmental loss, as captured in

15 n practice, firms could adopt abatement technologies to reduce their emissions. Addi-
tionally, regulators could also provide incentives to firms to invest in abatement technologies
by subsidizing these investments, for example, the clean energy tax incentives under the Infla-
tion Reduction Act (IRA). The regulatory policy regarding subsidies for emissions abatement
may interact with the regulation of emissions disclosures, to the extent that both policies serve
the common goal of reducing emissions. In an online appendix, we investigate an extension
of our model with regulatory subsidies for emissions abatement.

16 Because the foreign productions of all firms ( f;) are produced by the same supplier, the
noise terms (y;r) are likely to be correlated across all firms. For simplicity, we assume that
the noise terms for two different firms are independent of each other. Introducing correla-
tions between them would significantly complicate our analysis without generating significant
incremental insight.
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12 L. MAHIEUX, H. SAPRA, AND G. ZHANG

equation (4), reflects two categories of climate change risk. The first cate-
gory is a transition climate risk that depends on each firm’s own emissions.
The second category is a physical climate risk driven by the total emissions
of all firms rather than any individual ones.!’

In practice, firms are exposed to both transition and physical climate
risks (e.g., Bua et al. [2022]). The physical climate risk results from cli-
matic events, such as wildfires, storms, and floods. The source of physical
climate risk arises from longer term shifts in climate patterns (e.g., sus-
tained higher temperatures), which is likely driven by the operation of the
global economy rather than any single enterprise. Conversely, the transi-
tion climate risk is caused by the financial impact of the transition to a
low-carbon economy on firms, such as changes in environmental policies,
shifts in public preferences, and technological adaptations. Arguably, the
source of the transition climate risk is more likely to depend more on firms’
own environmental footprints compared to the source of the physical cli-
mate risk. For example, oil and gas companies are more likely to face a
stiff transition climate risk, whereas companies that have already adopted
green technologies are less exposed to transition climate risk. Stated dif-
ferently, a key feature of transition climate and physical risks captured in
our framework is that the source/driver of physical climate risk is more likely
to be the total emissions by all firms in the economy, whereas the source of
transition climate risk is more likely to be each firm’s own emissions. '® We
henceforth refer to the coefficient kp in equation (4) as firm ¢’s exposure
to physical climate risk, and to the coefficient ky as firm ¢’s exposure to
transition climate risk. !

The firms are priced in a risk-neutral competitive market at ¢t = 1. Ac-
cordingly, each firm’s price B is given by the market’s expectation of its
total cash flows conditional on the market’s information set, that is,

P = Zi1 — Ey[®;|market’s information] . (5)
——
short-term cash benefits market’s beliefs about long-term environmental losses

The term F;[-] denotes the market’s expectations with respect to its infor-
mation at ¢ = 1 and that information includes not only the reported cash

17Bolton and Kacperczyk [2021a] document supporting evidence that investors consider
carbon emissions risk in their pricing.

18 Transition climate risk may depend on the total emissions by all firms, because, for in-
stance, regulators are more likely to impose tougher climate-related regulations facing the
rise of physical climate risk (driven by the increase in the total emissions). Stated differently,
the two types of climate risks may interact. For simplicity, we abstract away from modeling the
interaction between climate risks; accordingly, conditional on regulatory policy (and physical
climate risk), each firm’s financial loss from transition climate risk is likely to be driven by its
own emissions.

19We assume firms’ exposures to physical and transition risks are homogeneous across
firms. In practice, these exposures could be heterogeneous. In an online appendix, we an-
alyze a setting that introduces heterogeneity in firms’ climate risk exposures.
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MEASURING GREENHOUSE GAS EMISSIONS 13

flow z; but also information about the firm’s direct and indirect emissions
that we discuss in the next section.

Att = 0, firm /’s management chooses its production plan {qi, f,} to max-
imize the expectation of its price Py at ¢ = 1:%

r;laxEo[Pani, £
where F[-] denotes the firm’s expectations with respect to its information
att = 0.

Climate-related disclosures help market participants better assess and
therefore price a firm’s climate risks ®; from its emissions. We now aug-
ment our economic framework with climate-related measurements and
disclosures.

2.2 CLIMATE-RELATED MEASUREMENTS AND DISCLOSURES

2.2.1. Measurements of Emissions. The firms and their supplier install mea-
surement systems (e.g., continuous emission monitoring systems (CEMS))
to measure the emissions {¢;, ¢x} from their productions. The systems gen-
erate the following noisy reports:

Vi = ¢+ &, (6)

Y = ep + Ef, (7)

where the measurement noises &; ~ N (O, crf) and & ~ N (O, CIEQF) are inde-
pendent of all other random variables. Accordingly, the variances o2 and
afF capture the precision of measuring each firm’s direct emissions and the
total indirect emissions by the supplier, respectively. To capture the friction
that the emissions reporting regulatory landscape is fragmented across ju-
risdictions, we assume that the regulator is able to influence the precision
of measuring direct emissions from firms’ production within its jurisdic-
tion, but less likely to directly influence the precision of measuring indirect
emissions by the supplier operating outside its jurisdiction. Arguably, such
regulatory fragmentation is a key driving force behind the phenomenon
of emissions leakage, which is a main focus of our study. We therefore as-
sume that, at ¢ = 0, the regulator only sets the measurement precision o> of
direct emissions to maximize the total surplus, but takes as given the mea-
surement precision USQF of the indirect emissions by the supplier. We discuss
this assumption more thoroughly in section 2.5.

20 Alternatively, we could assume that the firm maximizes a weighted average of the prices at
t=1and t =2, thatis, aFy [I'}-llqi, fl] +(1—a)F [H‘qu,‘, ﬁ], where 0 < o < 1 and the date-
2 price B = z1 — ®;, because the long-term loss ®; is already realized at ¢t = 2. We assume
a = 1 in order to focus exclusively on our goal of studying the real effects of climate-related
disclosures/measurements in affecting firms’ polluting incentives.
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14 L. MAHIEUX, H. SAPRA, AND G. ZHANG

2.2.2. Reporting of Emissions. Att = 0, in addition to regulating precision
of measuring direct emissions, the regulator also mandates rules governing
how firms should report information about emissions at ¢ = 1. A key focus
in the emissions disclosure requirements is to delineate “emissions that are
directly attributable to the reporting entity from those that are indirectly
attributable to the company’s activities” (Securities and Exchange Commis-
sion [2024]). Regulators in different jurisdictions have adopted varying ap-
proaches to the design of climate reporting policies. In July 2023, the EU
mandated all three Scopes of emissions disclosures in the Corporate Sus-
tainability Reporting Directive (CSRD) whereas in March 2024, the SEC in
the United States required only Scope 1 and Scope 2 emissions disclosures.
To shed light on the design of emissions disclosures and the implications
of these varying approaches, we study two reporting regimes.

2.3 SCOPE-1-FOR-ALL REGIME

The regulator mandates firms to report not only their direct emissions
(Scope 1 emissions of the firms), y; in equation (6), but also the total indi-
rect emissions of their common supplier (or Scope 1 emissions of the sup-
plier), yr in equation (7). Although the regulator cannot directly mandate
disclosures by the supplier, the regulator may require reporting of indirect
emissions by firms, who could be pressured to solicit emissions data from
the supplier in order to comply with the regulatory mandate. Absent ad-
ditional measurements, the most primitive form of indirect emissions data
that firms could obtain from the supplier is the supplier’s measurement of
its total indirect emissions yy.?!

An important goal of our analysis is to assess the costs and benefits of
mandating firms to report their indirect emissions. As noted earlier, the
SEC in the United States—unlike the EU—mandates no reporting of such
indirect emissions. By considering the special case that the precision of
measuring indirect emissions is 0 (i.e., o, = 00), we use the Scope-1-for-all
regime to evaluate the SEC’s reporting policy of not requiring disclosure of
indirect emissions information.

2.4 SCOPES-1-AND-3 REGIME

The regulator mandates firms to report not only their direct emissions
y; (i.e., Scope 1 emissions) but also identify and allocate its share of the
supplier’s total indirect emissions y;z (i.e., each firm’s individual Scope 3
emissions). Although the regulator cannot mandate the supplier to disclose
its emissions, the regulator can require each firm to measure its share of
indirect emissions. Such measurement process produces a finer represen-
tation of each firm’s own indirect emissions than the more primitive form

2l reality, when firms source from complicated supply chains with many suppliers, firms
may not be able to collect indirect emissions data from all of their suppliers nor would every
supplier be able to provide their emissions data to firms. In those cases, the measurement
precision of firms’ reported total indirect emissions yr will be low.

85U8017 SUOWIWIOD BATER1D) 8|ealdde au Aq peusenob ae ssjoiLe YO ‘@SN J0 S9N 10} ARiqIT8UIIUO A8|IM L (SUORIPUOD-PUR-SWLIBILI0D A3 1M ATl 1 puUO//:Sthiy) SUORIPUOD pue swie 1 84} 88S *[6202/£0/.2] uo AriqiTauliuo A8|im ‘Ariqi oBeoyd JO AisieAlun Aq €T92T X629-GFT/TTTT OT/I0pA00 A3 1M Aleiq1puljuo//Sdny Wwoly pepeojumoq ‘0 ‘X6.95.vT



MEASURING GREENHOUSE GAS EMISSIONS 15

of firms reporting their supplier’s total indirect emissions as mandated in
the Scope-1-for-all regime. However, as discussed below, the measurement
process performed independently by each firm is likely to be noisy and sub-
ject to errors. To reflect these measurement noises, we assume each firm’s
measurement of its share of the total indirect emissions is given by

Yir = € + w;,

where @; ~ N (O, 05) and is independent of all other random variables.
The measurement noises {a),}i1 capture the inherent limitation firms
face in their attempts to separate their supplier’s total indirect emissions,
resulting in the widely noted issue of double counting in the practice of al-
locating the total emissions. 22 In practice, due to a lack of coordination,
firms make independent attempts to measure and identify their share of
the indirect emissions in their supply chains, resulting in heterogeneity in
firms’ measurements and reporting of carbon emissions. Therefore, these
measurement noises w; in allocating indirect emissions need not perfectly
offset each other across firms. The SEC explicitly recognizes such measure-
ment heterogeneily in their latest Climate Rule to “enhance and standardize
climate-related disclosures.” 2 In our environment, we assume that these
noises need not cancel each other, that is, le w; # €F, where &y is the
measurement noise in the supplier’s total indirect emissions. This, in turn,

22 The Greenhouse Gas Protocol explicitly recognizes the issue of allocating the total emis-
sion data from suppliers into multiple downstream firms: “(f)or example, a single production
facility may produce many different products and co-products, while activity data (used to cal-
culate GHG emissions) is collected for the plant as a whole. In this case, the facility’s energy use
and emissions need to be allocated to its various outputs. Similarly, a company may purchase
components from a supplier that manufactures a wide variety of products for many differ-
ent customers. In this case, the supplier’s activity data or emissions data need to be allocated
among the various products so its customers know the emissions attributable to the specific
products they buy, based on the fraction of total supplier production that is related to the cus-
tomer’s purchases” (Greenhouse Gas Protocol [2011]). In such allocations, the GHG Protocol
notes that “double counting is an inherent part of Scope 3 accounting.” Shrimali [2021] also
notes that “(a)cross supply chains double counting is when the Scope 1 emission of an up-
stream entity is being assigned entirely to multiple immediate downstream entities that split
up the use of the product from the upstream entity.” Relatedly, in an online appendix, we
also analyze a benchmark without double counting in allocating indirect emissions to high-
light the role that the double-counting measurement friction plays. The analysis establishes
an intuitive result that absent double counting, separating indirect emissions provides strictly
more information than commingling them, and thus always yields a higher total surplus. This
result, therefore, illustrates the crucial importance of considering measurement frictions in
evaluating different climate reporting policies.

23 Specifically, the Securities and Exchange Commission ([2024], p. 22) notes that “the cur-
rent state of climate-related disclosure has resulted in inconsistent, difficult to compare, and
frequently boilerplate disclosures, and has therefore proven inadequate to meet the growing
needs of investors for more detailed, consistent, reliable, and comparable information about
climate-related effects on a registrant’s business and financial condition to use in making their
investment and voting decisions.” Arguably, in allocating their share of indirect emissions, dif-
ferent firms likely apply different measurement standards, use different measurement proce-
dures/systems, and prepare their emissions report with different personnels, etc.
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implies that aggregating all firms’ reports of indirect emissions does not
necessarily equal the total indirect emissions reported by the supplier, that

: N 24
Is, Zi:l Yir F Yr-
2.5 DISCUSSION OF KEY ASSUMPTIONS

We next discuss several key assumptions of the model.

First, regulation over emissions reporting is fragmented across jurisdic-
tions. To capture this fragmentation, we have interpreted our model as a
cross-country setting in which domestic firms face more stringent climate
regulation compared to their foreign supplier. For instance, in developed
countries such as the United States and the EU, regulators have developed
and imposed requirements on measuring emissions from production of
firms in their own jurisdiction. However, in emerging markets and develop-
ing economies, emissions disclosures remain voluntary and lack reliability.
Moreover, due to jurisdiction limits, such disclosures are less likely to be di-
rectly influenced/regulated by regulators in the United States and the EU,
but instead subject to some form of emissions disclosure requirements in
foreign jurisdictions that are less stringent. A crucial feature of our frame-
work is that the operations of the economy (and investors’ decisions) de-
pend on a supplier’s emissions disclosures that cannot be directly regulated
due to jurisdiction limits. Therefore, our setting may also be interpreted as
one in which the firms who produce internally are publicly traded firms
while their supplier is privately held. For example, in the United States,
the SEC’s climate rule only applies to publicly held firms and not to pri-
vately held firms.?’ Therefore, the private supplier’s incentives to disclose
its emissions may be driven by other considerations (e.g., demands by its
own investors).

Second, our specification of the market pricing of emissions information
in equation (5) reflects the financial materiality perspective United States
regulators and international standard setters commonly adopt in mandat-
ing disclosures of climate-related information to investors. 2 Under this
perspective, firms’ reported emissions matter only to the extent that they

24n practice, firms could be strategic in measuring and allocating their share of indirect
emissions. In addition to the double counting issue that we study, such misallocation could
arguably make separating emissions even less desirable. To focus on the reliability of emissions
measurements, we do not consider firms’ strategic allocations in the main analysis. However,
as an extension to our main model, in the online appendix, we analyze a setting in which
heterogeneous firms misallocate their shares of indirect emissions. We thank an anonymous
reviewer for bringing up this point.

% In the extreme, in response to rising environmental regulations, public firms may divest
pollutive plants to private buyers (Duchin, Gao, and Xu [2024]). We do not consider such
endogenous shift in regulatory boundaries acknowledging it is an interesting direction for
future research.

2611 its final rules of climate-related disclosures, Securities and Exchange Commission
[2024] requires “information about a registrant’s climate-related risks that have materially
impacted, or are reasonably likely to have a material impact on, its business strategy, results
of operations, or financial condition.” See also International Financial Reporting Standards
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influence the market assessment of firms’ future cash flows (i.e., the long-
term environmental loss ®;), and thus the pricing of the firms. Accord-
ingly, to focus on financially material emissions information, we abstract
away from modeling investors/firms’ green preferences, that, in practice,
are probably heterogeneous among market participants, changing over
time, and not directly measurable. This focus also implies that the impli-
cations from our analysis are more likely to apply to regulation adopting
the financial-materiality perspective (e.g., the SEC and IFRS), but perhaps
less applicable to climate reporting standards adopting the perspective of
impact/double materiality (e.g., the Global Reporting Initiative [GRI]).

Third, we assume that firms’ climate risk exposures {k7, kp} are known
to market participants. In practice, firms’ climate risk exposures are likely
to be uncertain, raising another issue of measuring and reporting firms’
climate risk exposures. For instance, the SEC’s final climate rule (Securi-
ties and Exchange Commission [2024]) requires both reporting climate
risk exposures in the front end of the financial report (e.g., Risk Factors,
Description of Business, or Management’s Discussion and Analysis of Finan-
cial Condition and Results of Operations), and separately reporting Scopes
1 and 2 GHG emissions. Our focus on emissions reporting thus pertains
to the SEC’s latter requirement, whereas a model with uncertain climate
risk exposures pertains to the former requirement. To gain sharper insights
on the implications of measuring and reporting GHG emissions, we make
the modeling choice of characterizing GHG emissions disclosure policies,
leaving the study of disclosure policies about climate risk exposures for fu-
ture research. In addition, our assumption that climate risk exposures are
known has some empirical support in recent work that develop approaches
to quantify climate risk exposures of firms and industries from publicly
available data (see, e.g., Bua et al. [2022], Jung et al. [2023]).

Fourth, although our paper centers on understanding the role of firms’
measurements and disclosures of their direct and indirect emissions, there
are alternative (noncorporate) independent sources that provide measure-
ments of aggregate GHG emissions. It is beyond the scope of our paper
to provide a comprehensive examination of the effects of these alternative
information sources and how they interact with corporate emissions report-
ing. However, to illustrate the potential impact of introducing some disclo-
sures about aggregate emissions, in the online appendix, we consider an
extension of our model in which investors also observe a potentially noisy
signal about the aggregate GHG emissions.>” Our analysis suggests that the

[2024] on how the climate reporting standards proposed by its International Sustainability
Standards Board (ISSB) approach materiality.

?7Given the many challenges and obstacles in the current practice of measuring GHG
emissions, measurement of global GHG emissions is inherently noisy. For instance, Our
World in Data, a nonprofit organization that produces aggregated global emissions data,
acknowledges significant inaccuracy of its global emissions figures, and notes that “(i)n
the most extreme example to date, Lui et al. (2015) revealed that China overestimated

85U8017 SUOWIWIOD BATER1D) 8|ealdde au Aq peusenob ae ssjoiLe YO ‘@SN J0 S9N 10} ARiqIT8UIIUO A8|IM L (SUORIPUOD-PUR-SWLIBILI0D A3 1M ATl 1 puUO//:Sthiy) SUORIPUOD pue swie 1 84} 88S *[6202/£0/.2] uo AriqiTauliuo A8|im ‘Ariqi oBeoyd JO AisieAlun Aq €T92T X629-GFT/TTTT OT/I0pA00 A3 1M Aleiq1puljuo//Sdny Wwoly pepeojumoq ‘0 ‘X6.95.vT



18 L. MAHIEUX, H. SAPRA, AND G. ZHANG

additional information about the aggregate emissions enhances investors’
pricing of both climate risks, as it improves investors’ assessment of both
each firm’s individual carbon footprint and the total carbon footprints of
all firms. In particular, when the information about the aggregate emis-
sions becomes more precise, investors’ pricing of physical and transition
climate risks becomes even more efficient, which better disciplines firms’
polluting behaviors. In the extreme, when the aggregate emissions signal is
perfect, investors price the physical climate risk perfectly, and thus firms’
disclosures of emissions only matter for the pricing of their transition cli-
mate risks. Nonetheless, considering the data quality issue of measuring the
aggregate emissions, we believe it is unlikely that investors may price the
physical climate risk perfectly; therefore, the costs and benefits of firms’
emissions disclosures should continue to depend on their impacts on in-
vestors’ pricing of physical and transition climate risks.

Finally, we impose parametric restrictions to ensure interior solutions of
firms’ production choices. As it turns out, this assumption reduces to

1>kr+kpN,and ¢, <1 —ky — kp < 1. (8)

The first part of (8) ensures that the expected total cash flows from firms’
production at ¢ =1 exceed the expected total environmental losses in-
curred at ¢t = 2. The second part of (8) ensures that, in firms’ production
costs (1), the degree of strategic substitutability ¢, is not too large so that
equilibrium production choices are interior.?®

3. Analysis

3.1 BENCHMARKS

3.1.1. FIRST-BEST. Before we begin the main analysis, we show that, even
in the absence of measurement frictions, firms would engage in excessive pollu-
tion relative to socially optimal levels. We therefore start with a first-best
economy, where a social planner sets the production plans of all firms,
{4, ﬁ}ie[lw}, to maximize the ex ante total surplus

N

W = ZE“[X‘ - C(L],', ﬁ) - qu]s 9)

i=1

its annual emissions in 2013 by using global average emission factors, rather than spe-
cific figures for the carbon content of its domestic coal supply. As the world’s largest
CO2 emitter, this inaccuracy had a significant impact on global emissions estimates, result-
ing in a 10% overestimation.” See https://ourworldindata.org/co2-emissions#:~:text=The%
20Intergovernmental %20Panel %200n %20Climate, ranges % 20between %202 %2D5 %25.

28 Note that the assumption ¢; < 1 ensures that firms’ two production inputs {q,;, f,} are
imperfect substitutes so that both inputs would be chosen in equilibrium. In fact, if ¢, = 1, firms’
production cost function C (g, f;) = (¢i + ﬁ)z /2, so that the two inputs would be perfect
substitutes in the production plan. In that case, firms’ equilibrium production choices would
result in corner solutions.
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where the production costs and the long-term environmental losses are
given in (1) and (4), respectively. In this benchmark, the social planner in-
ternalizes all the benefits and costs of production, including the long-term
environmental losses from firms’ production plans. The following lemma
characterizes the first-best production plans {¢"#, f7#}.%

Lemma 1. In the first-best benchmark, the social planner chooses

== 1= kr = keN =~ 0. (10)
1+ ¢
3.1.2. FULL INFORMATION. We next consider a full information
economy-in which measurement frictions about firms’ emissions are still
absent—but, unlike the first-best economy, firms do not internalize the
environmental externalities of their productions on others. Specifically at
t=1,forallie {1, 2,..., N}, market participants perfectly observe firm #’s
direct emissions, ¢, = ¢; + y;, and indirect emissions, ¢z = f; + yir, and set
a price P based on such full information. At ¢ = 0, each firm i chooses
its production plan {qi;, f,} to maximize its own expected date 1 price (as
opposed to the total surplus of all firms), that is, firm ¢ solves
max Fy[FPr].
4> fi
The following lemma characterizes each firm’s production plan {q" 1 j”L i
under full information.

Lemma 2. In the full information benchmark, each firm chooses
qﬂ — fFI _ L —kr — ke - qu — fFB_
14 ¢ -

Moreover, the total surplus Wi ina first-best economy is strictly larger than the total
surplus W in a Sfull information economy, that is,

EAN(N —1)2
1+ ¢

Wl — wiB _

’

2N(N-1)2

and the surplus loss ’ Tre > 0 is increasing in both N and kp.

In the full information benchmark, each firm chooses larger produc-
tion quantities relative to those in the first-best benchmark. This result
is driven by the environmental externalities such that—even under full
information—the social cost of firms’ emissions, that is, the sum of the long-
term environmental losses borne by all firms, Zlil ®,;, is not fully priced
by the market and internalized by each firm in setting its own production
decisions. Specifically, the social cost of any firm’s emissions consists of two
components: (1) its own transition and physical climate risks, reducing the
firm’s own future cash flows, and (2) all the other firms’ physical climate

29 Note that both ¢"# > 0 and f® > 0 hold because of assumption (8).
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risks, hurting the other firms’ values. Full information about emissions en-
ables market participants to price firms’ climate risks, inducing firms to
internalize the first component of the social cost of emissions, to the ex-
tent that this cost influences the market’s assessment of firms’ future cash
flows. The pricing of each firm’s value, however, reflects only the market’s
assessment of how emissions affect the firm’s own future cash flows. It does
not induce firms to internalize the second component of the social cost
of emissions—that each firm’s emissions contribute to the physical climate
risk—and thus negatively affect all the other firms’ values, that is, the exter-
nalities. Because the externalities are not fully priced by the market, firms
overproduce and therefore overpollute, relative to the first-best economy
in which the social planner fully internalizes the social cost of emissions.
Intuitively, the surplus loss in the full information economy relative to the
first-best economy should be increasing in the magnitude of the unpriced
social cost. Indeed, Lemma 2 illustrates that the larger the number of firms,
N, in the economy, the greater the unpriced social cost (externalities) so
that the firms’ overproduction incentives worsen resulting in a larger loss
in surplus from excessive emissions. Similarly, the larger each firm’s expo-
sure to physical climate risks, that is, the larger kp is, the greater the social
cost resulting in a larger loss in surplus.

Lemma 2 also suggests a role for mandatory disclosure in our environ-
ment. As firms do not internalize the social cost of emissions that contribute
to the physical climate risk, their private incentives to disclose their climate
performance are insufficient.’* In the presence of measurement frictions,
mandatory disclosure induces firms to internalize a larger portion of the
social costs of emissions: By increasing the precision of emissions measure-
ments, regulators can improve the efficacy of market discipline, thereby
inducing firms to internalize the impact of their productions on long-term
environmental losses, to the extent that these losses are priced. We next
turn to our main analysis in which the emissions of firms’ productions are
not directly observable but must be inferred based on the measurement
rules under the prevailing mandatory reporting regimes.

3.2 EQUILIBRIUM PRODUCTION PLANS UNDER SCOPE- 1-FOR-ALL REGIME

We first derive the market price of firm i at t =1 given the infor-
mation available to the market, including the climate-related disclosures,

30We formally study firms’ private choices of their climate emissions disclosures in an on-

line appendix and show that in the absence of physical climate risk (i.e., when kp = 0), firms’
private incentives to disclose coincide with those of the regulator because maximizing each
firm’s individual payoff is isomorphic to maximizing the total of all firms’ payoffs. However, in
the presence of physical climate risk (i.e., whenever kp > 0), more disclosure of an individual
firm’s emissions affects not only the firm’s own payoff but also the long-term losses from physi-
cal risks for all the other firms. Because firms do not internalize the benefits of their disclosure
in lowering the long-term environmental losses of the others, their private disclosure incen-
tives are insufficient relative to the socially optimal levels. Stated differently, the rationale for
mandating disclosures arises from externalities and not from firms caring about prices.
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{{ y]}j\:l , yF}, and the market’s conjecture of the firms’ equilibrium pro-

duction plans {qj, f]}]\]:l“ Substituting (4) into (5) yields

By =z1 — krly [Z’Uh', @] — krky [Z’Fb’Fa fz]
N

—keEr | Y (5 + 7)1y 45 f./}}iwyﬁ' - (11)

j=1

Note that in pricing firm ¢, the market needs to estimate both the emis-
sions from firm #’s own productions {e,-, e f} and the total emissions from all
firms’ productions, Z]V:l (ej + e]-F). First, the market uses the direct emis-
sions disclosure y; and its conjecture of the firm’s internal production §; to
estimate the firm’s direct emissions ¢; at date 1, that is,

E, [E;D’i, l};] = El[(]i + Yilyi, @z] =q+ ,31)(%: - f]zf), (12)

where the parameter ) = % € [0, 1] is the weight placed on the direct
emissions disclosure. Note that Sthe weight B is monotone in the precision
of direct emissions measurement 0’82 and, for analytical convenience, we
henceforth refer to fp as the precision of direct emissions measurement.
Second, the market uses the commingled indirect emissions disclosure
r (i.e., the Scope 1 emissions reported by the supplier) and its conjecture
of the firms’ outsourced production { f]}\ to estimate firm ¢’s indirect
emissions ¢;r from its production outsourced to the supplier, that is,

N
El[EFUF, fz] = El[ﬁ + Yirlyr, ﬁ] = fi+ Bic| yr — Z /il (13)
j=1
where the parameter ;¢ = Vot +U € [0, 1/N] denotes the weight the mar-
ket places on the commmgleci indirect emissions disclosure and captures
the precision of such disclosure. Note that 8;c decreases in N so that as
more firms are commingled in the disclosure yr, such disclosure becomes
less informative about the share of indirect emissions attributable to any
individual firm.
Lastly, the market aggregates its estimates of the emissions of all firms,
thatis, (12) and (13), and computes its estimate of the total emissions from
all productions, that is,

N

E | Y@+ 4 f}_f}?;l’yF

j=1

31'We later verify that the market’s conjectures are correct in equilibrium.
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N N N N
=Y G+ [i+Bo ) (i) +NBic|yw =) ;] (14
j=1 j=1 j=1 j=1

Next, we derive each firm’s equilibrium production choices at date 0 that
maximize the expectation of the date 1 price [ [P,-l]. Substituting (12),
(13), and (14) into P, and using Ey [}NJZ] = ¢; and £, [yp] = Z]V:l fj yields
the following maximization problem for each firm:

%2 i2
I??}?qﬁﬁ—g—?—c\-qiﬁ

N
—kr | g+ Bolqi— §) + f +/31€Z(f/ - fi)

j=1

N N N N
—kp Zqi—}'zfj +IBDZ(’17 - 4)) +N,31cz(fi = /i) ]-(15)
j=1 j=1 j=1 j=1
Taking the first-order conditions yields the equilibrium production plan
{¢*. f*} that we summarize next.

Proposition 1. For a given precision B¢ of commingled indirect emissions measure-
ment, and precision Bp of the direct emissions measurement, each firm’s equilibrium
production plan is

q* — 1- (kT + kP)ﬂD - Cs(l - (kT + kPN),B](;) -

0
1-2¢2

and

1 — (kr + kpN)Birc — ¢ (1 — (kv + kp) Bp) -

= 0.
/ 1-¢2

With the equilibrium production plans characterized, we first assess them
from a social surplus standpoint that considers both firms’ production prof-
its and the social cost of emissions. We summarize our results in the follow-
ing corollary.

Corollary 1. Both the total expected emissions and the expected social cost
of emissions in equilibrium are larger than those in the first-best benchmark,

that is, YN, (q"+ ) = XX ¢+ /1) and B[XY, 0ug )] 2
E Zl\;l [OF (q’L B f FBY . Firms overproduce and overpollute in equilibrium in the

sense that a marginal decrease in either internal or outsourced productions improves
the total social surplus, that is, %| = f=fr < 0 and %_V}’M:q*‘f:f* <0.

Corollary 1 suggests that firms’ equilibrium production plans generate
excessive total emissions, and, accordingly, result in a larger social cost of
emissions, relative to those under the first-best benchmark. Consequently,
curbing firms’ productions leads to surplus gains. Firms’ overproduction
and overpolluting incentives are driven by two reasons. First, as discussed
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earlier, the market price does not fully capture the externality part of the
social emissions cost that each firm’s emissions contribute to the physical
climate risk and thus negatively affect all the other firms’ value. Because
these environmental externalities are not fully priced, firms do not inter-
nalize them and set production levels generating excessive emissions. This
force is also present in the absence of measurement frictions. Second, such
inefficiency in production is further exacerbated by the measurement fric-
tions about firms’ emissions, that create a hurdle for market participants
to assess firms’ emissions, and price the climate-related long-term losses ac-
curately. The pricing inaccuracy, in turn, weakens market discipline and
contributes to firms’ overpollution incentives.

A natural follow-up question is whether regulating climate-related disclo-
sures enhances market discipline and curbs firms’ overpolluting incentives.
The following corollary sheds light on this question.

Corollary 2. In equilibrium, each firm’s internal production q¢* decreases in the
precision Bp of the direct emissions measurement and increases in the precision Brc
of the indirect emissions measurement, that is,
* *
O 0 ana 2L > .
9B dBic
Conuversely, the firm’s outsourced production f* increases in the precision Bp of the
direct emissions measurement and decreases in the precision B¢ of the indirect emis-
sions measurement, that is,

3k >k
9/ >0 and 9/ <0.
3Bp dBic

Corollary 2 indicates that regulating climate-related disclosures may not
necessarily be a panacea: It may either discipline or aggravate firms’ over-
pollution incentives. On the one hand, more precise disclosure of firms’
direct emissions disciplines internal production choices and reduces di-
rect emissions. Intuitively, more precise disclosure improves the efficiency
in pricing the direct emissions from firms’ internal productions, thus
facilitating the market discipline of firms’ pollution incentives. In response,
firms shrink their internal productions in order to avert the adverse market
consequences associated with overpollution. In a similar vein, more pre-
cise disclosure by the supplier regarding the total indirect emissions also
helps to discipline firms’ choices to outsource production and curbs their
indirect emissions.

On the other hand, our analysis also points to a downside of more pre-
cise disclosure. In particular, mandating more precise disclosure of direct
emissions induces firms to shift some of their productions to the supplier,
which leads to greater indirect emissions. Our result thus lends support to
the argument of carbon/emissions leakage that businesses transfer produc-
tions to jurisdictions with less stringent emission reporting requirements.
Intuitively, when the improved direct emissions disclosure allows the mar-
ket to price firms’ direct emissions more accurately and lower the price
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for firms with greater direct emissions, the strengthened market discipline
also forces firms to outsource more of their productions to the supplier,
where the environmental impacts of their indirect emissions are assessed
and priced relatively less accurately.

A policy prescription to mitigate emissions leakage is to mandate the dis-
closure of information regarding firms’ indirect emissions, as such disclosure
would improve the efficiency in pricing firms’ indirect emissions and thus
discipline their productions outsourced to the supplier. We next derive the
regulator’s equilibrium reporting policies that balance the costs and bene-
fits of emissions leakages.

3.3 EQUILIBRIUM REPORTING POLICIES UNDER SCOPE- 1-FOR-ALL REGIME

In setting the reporting policies, regulators have two choices. First, they
choose whether to include in the reporting policy the disclosure of indi-
rect emissions, which, in the most primitive form, is the measurement of
the supplier’s Scope 1 emissions. Second, regulators fine-tune the precision
of measuring direct emissions. We characterize the two choices in sequen-
tial order.

3.4 COSTS AND BENEFITS OF INCLUDING INDIRECT EMISSIONS

We compare the equilibrium outcomes and the ex ante total surplus un-
der the Scope-1-for-all regime with those of a regime that does not report
any information about indirect emissions. As mentioned earlier, the latter
can be obtained as a special case of the Scope-1-for-all regime by setting
the precision of measuring the supplier’s Scope 1 emissions ;¢ =0 (i.e.,
o.r = 00). The following proposition characterizes the effects of including
indirect emissions information in the reporting policies.

Proposition 2. Denote firms’ production plans in the regime that only reports di-
rect emissions but not indirect emissions as {qd“‘””’, f d“‘””’} and firms’ production
plans in the Scope-1 -for-all regime as {q*, I } Including indirect emissions in the
reporting policies:

1. decreases firms’ outsourced productions and indivect emissions, that is, [* <
fdir()(:l’.

2. increases firms’ internal productions and direct emissions, that is, ¢* > ¢

3. improves the ex ante total surplus if and only if the precision of direct emissions
measurement is above a threshold BD, that is, Weommingled > yydirect if and

only if

direct .
b

(hr + ke N) (1= (1= 4)/c))
kr + kp '

Bp = Bp =

The threshold Bp is increasing in precision B¢ of indirect emissions measure-
ment and {W””'”m”‘gl”d, we ”””‘} denote the surplus when firms’ total indirect
emissions are included and not included in the reporting policies, respectively.
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Proposition 2 illustrates that introducing indirect emissions disclosures
indeed brings up a benefit in reducing firms’ indirect emissions levels.
However, mandating the disclosure also comes with a cost as it induces
firms to increase their internal productions and thus direct emissions, com-
pared to when the regulator only requires disclosures of direct emissions.
Stated differently, although introducing the indirect emissions disclosure
mitigates emissions leakage, it also prompts reverse emissions leakage. In fact,
emissions leakage and reverse emissions leakage are simply two sides of the
same coin. Mandating tighter disclosure requirements on emissions in one
jurisdiction induces firms to shift their productions to another jurisdiction
where disclosure requirements are laxer. Accordingly, considering the ef-
fects of reverse leakage, mandating disclosure of both direct and indirect
emissions may not necessarily benefit the total surplus.

Proposition 2 also suggests that introducing indirect emissions disclosures
improves the total surplus ¢f and only if the precision of measuring direct
emissions is sufficiently high. > Moreover, as the precision of indirect emis-
sions measurements improves, the precision of measuring direct emissions
must increase in order to make the improved indirect emissions disclosures
surplus-enhancing. Note that this result stands in stark contrast to the con-
ventional wisdom that higher quality indirect emissions disclosures should
be mandated in more situations regardless of the quality of direct emissions
measurements. To see the intuition, recall that emissions leakage is most
severe if the quality of direct emissions measurements is sufficiently high
and/or the quality of indirect emissions measurements is sufficiently poor.
Conversely, reverse leakage is of greater concern if the quality of the indi-
rect emissions measurements improves and/or that of the direct emissions
measurements deteriorates. Therefore, it is socially desirable to mandate
the disclosure of indirect emissions when direct emissions measurement
is more precise but indirect emissions measurement is less so, and thus the
concern of emissions leakage dominates relative to that of reverse emissions
leakage, and vice versa.

3.5 OPTIMAL PRECISION OF MEASURING DIRECT EMISSIONS

An implication of Proposition 2 is that the costs and benefits of intro-
ducing disclosures of indirect emissions are ambiguous and, importantly,
depend on the precision of measuring direct emissions. Arguably, regula-
tors enjoy some discretion of governing the precision of measuring direct
emissions; for instance, regulators may require firms to collect more in-
formation (or install more precise emission monitoring systems) regard-
ing emissions within their regulatory jurisdictions. Given that regulators
have the flexibility of tailoring the precision of measuring direct emissions,

32 Note that the threshold BD defined in Proposition 2 can be negative. For instance, when
Bic is sufficiently small, /f}l) is negative, in which case introducing the commingled indirect
emissions disclosure always improves the total surplus. Intuitively, this is the case when reverse
leakage is of the least concern.

85U8017 SUOWIWIOD BATER1D) 8|ealdde au Aq peusenob ae ssjoiLe YO ‘@SN J0 S9N 10} ARiqIT8UIIUO A8|IM L (SUORIPUOD-PUR-SWLIBILI0D A3 1M ATl 1 puUO//:Sthiy) SUORIPUOD pue swie 1 84} 88S *[6202/£0/.2] uo AriqiTauliuo A8|im ‘Ariqi oBeoyd JO AisieAlun Aq €T92T X629-GFT/TTTT OT/I0pA00 A3 1M Aleiq1puljuo//Sdny Wwoly pepeojumoq ‘0 ‘X6.95.vT



26 L. MAHIEUX, H. SAPRA, AND G. ZHANG

how should they choose such precision optimally to balance the consider-
ations of both emissions leakage and reverse emissions leakage? Perhaps
more importantly, could regulators tailor the precision of measuring direct
emissions optimally to the measurements of indirect emissions, thus elim-
inating the adverse effects of indirect emissions measurements? To answer
these questions, we next derive the optimal precision of measuring direct
emissions.

Substituting the equilibrium production choices {¢*, f*} in Proposi-
tion 1 into the total surplus in (9) yields the equilibrium total surplus
weommingled = W (g*, f*), where “commingled” stands that the Scope-1 -for-
all regime includes the Scope 1 emissions disclosure by the supplier that
equals the commingled indirect emissions of all firms. Note that chang-
ing the precision of direct emissions measurement 8, affects the equilib-
rium surplus only indirectly through shifting firms’ equilibrium production
choices. Accordingly, taking the first-order condition of W"mingld yith re-
spect to Bp yields

8q* awcommingled N af* awcommingled
9Bp aq* 9Bp af*

7 commingled commingled .
Note that the terms 2% Py and W I represent the marginal effects

of firms’ production choices on the total surplus. Recall from Corollary 1
that increasing firms’ equilibrium production choices reduces the total sur-
plus, that is, Wd—qw 0 and awd—/sl' < 0. In addition, recall more pre-
cise measurement of direct emissions disciplines firms’ internal produc-
tions but causes firms to outsource their productions to the supplier, that
is, 3Z < 0and : af > 0. Therefore, the first term in (16) is positive and rep-
resents the beneﬁt of improving the direct emissions measurement in mit-
igating firms’ excessive direct emissions, which increases the total surplus,
whereas the second term is negative and represents the endogenous cost
of improving the measurement in inducing excessive indirect emissions,
which impairs the total surplus. Solving the first-order condition (16) yields
the optimal precision §}, of measuring direct emissions that we characterize
next.

= 0. (16)

Proposition 3. Given the precision Bic of commingled indirect emissions measure-
ment, the optimal precision of measuring divect emissions B}, (Brc), that is, the pre-
cision that maximizes the total surplus W™ "¢!*® s set as follows:

* Iffic=1- %, By (Bic) =1VpBic.

o Otherwise, zfﬂlc<l—%,
kr + kpN) (1 — ¢, (1 — .
By (Bre) = Fr ke (A = e = Fic)) o g 1y vg,.
kr + kp

Bh(Bic) increases in the precision of measuring commingled indirect emissions,

0B
that is, ()/SD > 0.
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A main take-away of Proposition 3 is that the regulator should tai-
lor the optimal choice of the precision of measuring direct emissions
to the precision of measuring indirect emissions. When firms’ measure-
ments/disclosures of indirect emissions become more precise, the regula-
tor should also require more precise measurement/disclosure of their di-
rect emissions. Stated differently, direct emissions disclosure is a complement
rather than a substitute, to indirect emissions disclosure, and vice versa. In
this light, our analysis sends a word of caution against some popular beliefs
calling for greater disclosure of direct emissions (Scope 1 emissions) de-
spite the lack of reliable indirect emissions disclosure (Scope 3 emissions),
or even to compensate for such lack of disclosure.

The intuition for Proposition 3 lies, again, in the considerations of emis-
sions leakage and reverse emissions leakage. When the indirect emissions
disclosure is relatively poor, that is, B;¢ is small so that the main concern is
emissions leakage, the regulator should mandate a lower precision of direct
emissions measurement to mitigate firms’ incentives to shift their produc-
tions to the supplier. Conversely, as the quality of indirect emissions mea-
surements improves, that is, as 8¢ increases, the concern of reverse emis-
sions leakage looms larger. Accordingly, anticipating the increase in firms’
direct emissions (triggered by the reverse emissions leakage), the regula-
tor should raise the measurement requirements 8y of direct emissions to
discipline firms’ incentives of shifting production to their internal facilities.

Proposition 3 suggests that regulators should not set the reporting re-
quirements in their own jurisdictions in isolation. Instead, much like that
addressing climate risk requires global cooperation, regulators must also
keenly coordinate their reporting policies with their counterparts across
the globe. In particular, our analysis cautions against unilateral increases
in emissions reporting requirements in developed countries, as evidenced
by recent regulatory moves in Europe and the United States, especially
considering that high-quality emission data in developing countries that
are parts of the global supply chain is relatively sparse and even lacking.**

Lastly, we revisit the question of whether the regulator should require
both direct and indirect emissions disclosures when setting the measure-
ment precision optimally. Toward this end, we again compare the total
surpluses between the Scope-1-for-all regime and one that excludes firms’
indirect emissions (i.e., the supplier’s Scope 1 emissions), evaluated at the
optimal measurement precision, 8},(Bc) and B}, (Bic = 0), respectively.
Our analysis shows that, although introducing the indirect emissions dis-

33 Interestingly, there is also a recent trend in early 2025 that the quality of emissions mea-
surements in the United States might be declining (due to the pause of the SEC’s climate
rule) whereas emissions measurements outside the United States are improving, for exam-
ple, major developing countries including China and Brazil have adopted their own emissions
reporting rules. Proposition 3 implies that given the increase in the precision of indirect emis-
sions measurements, U.S. regulators should also improve the precision of direct emissions
measurements, rather than reduce it.
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closure may hurt the total surplus for a given precision of measuring direct
emissions, such downsides are eliminated when the regulator sets the mea-
surement precision optimally. The following proposition establishes that at
the optimal measurement precision, introducing the indirect emissions
disclosure always improves the total surplus.

Proposition 4. When the regulator optimally tailors the precision of measuring
Sfirms’ direct emissions under the Scope-1-for-all regime, including the indirect emis-
sions disclosure always improves the ex ante total surplus, that is, W commingled >
Wdirect'

Comparing and contrasting Propositions 2 and 4 yield the implications
of our analysis for mandating disclosure of firms’ indirect emissions, which
is a key policy choice that regulators are contemplating. We show that the
desirability of such mandate hinges critically on regulators’ capability to
set the measurement policy regarding direct emissions optimally. Although
regulators arguably enjoy certain discretion in tailoring their measurement
and disclosure requirements, regulators likely face high hurdles in imple-
menting the optimal measurement policy regarding direct emissions, espe-
cially considering that, by Proposition 3, setting the optimal measurement
requires significant regulatory flexibility of tailoring measurement require-
ments to various parameters in firms’ environments, including coordinat-
ing emissions measurement with other jurisdictions. In this light, our result
may help to reconcile the varying policy decisions toward mandating indi-
rect emissions disclosure by regulators in Europe and in the United States.

3.6 SCOPE-1-FOR-ALL VERSUS SCOPES-1-AND-3 REGIMES

A major concern that plagues the disclosure of indirect emissions is that
multiple firms often share a common supplier, where the supplier only col-
lects and reports the total emissions. In this case, one may argue that, from
an informational standpoint, each firm should attempt to separate and al-
locate the total emissions into the portion attributable to the firm itself
(Greenhouse Gas Protocol, 2011). To shed light on the costs and benefits of
such allocation, we now analyze the equilibrium outcomes in the Scopes-1-
and-3 regime and then compare it with those in the Scope-1-for-all regime.

We first derive the market price P given the information available to the
market. The market price is the same as the one in (11), except that be-
sides using the disclosure of direct emissions, the market now additionally
uses the disclosure of separated indirect emissions, that is, { ¥j» y]-F}*;Izl, to
infer firms’ direct and indirect emissions. Note first that the market’s esti-
mates of the direct emissions ¢; are identical to those in the Scope-1-for-all
regime. Nonetheless, because the market now receives a separate disclo-
sure of each firm’s allocation of the total indirect emissions, its estimates of

firms’ indirect emissions ¢;r differ. We write such estimates as

Eerlyir, fi] = fi + BrsOir — fi), (17)
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where the weight B;5 = € [0, 1] placed on the separated indirect

+
emissions disclosures captures the precision of such disclosure.

Lastly, the market aggregates its estimates of the emissions from all in-
dividual firms’ productions, that is, (12) and (17), and computes the total

emissions of all productions as

N N
B 32 @+ %)y a0 T ZqﬁerﬁﬁuZ( )
J=1 Jj=1
N
+,BISZ())]'F - fi)- (18)
j=1
Given the market’s estimates of firms’ emissions and long-term losses, we
solve firms’ equilibrium production plans, denoted by {¢**, f**}, and the
regulator’s optimal choice of the precision of direct emissions measure-
ment, denoted by B}, in the Scopes-1-and-3 regime, following a procedure
similar to the one used in the Scope-1-for-all regime. For brevity, we omit
the detailed derivations and state the equilibrium outcomes in the follow-
ing proposition.
Proposition 5. Given the precision Brs of separated indirect emissions measure-

ment, and the precision Bp of the direct emissions measurement, each firm’s equilib-
rium production plan is

7 = 1— (kr + kp)Bp — (1 — (kr + kp) Brs)

>0
1-2¢2

and

= 1 — (kr + kP),Blsl—_Csc(Ql — (kr + kp)Bp) - 0.

Given the precision Brs of separated indirect emissions measurement, the optimal
precision B}y (Brs) of the direct emissions measurement is as follows.

(ky+kpN) —hp (N—=1)
o Ifps > SRR TD B (Brs) = 1 Yps.

Gk thpN) —kp(N—1)
o Otherwise, if Brs < o e ) B

. (k7 + kpN) (1 — ¢) + ¢, (kT + kp) Brs
» (Brs) = € (0,1) VBys.
kr + kp
Moreover, B (Brs) increases in the precision of indirect emissions measurement,

By
that is, FT > 0.

A comparison of Propositions 3 and 5 illustrates that many implications
of our analysis in the Scope-1-for-all regime extend to those in the Scopes-
l-and-3 regime. For instance, the effects of both emissions leakage and re-
verse emissions leakage are still present when indirect emissions are allo-
cated to firms, that is, firms’ productions f** outsourced to the supplier in-
crease in the precision B of the direct emissions measurement and firms’
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internal productions ¢** increase in the precision f;s of the separated in-
direct emissions measurement. The presence of emissions leakage and re-
verse emissions leakage, in turn, implies that the regulator should still tailor
the optimal precision choice B} of direct emissions measurement to f;s,
the precision of the separated indirect emissions measurement.

With the equilibrium in the Scopes-l-and-3 regime characterized, we
next compare the total surplus of the Scopes-1-and-3 and the Scope-1-for-
all regimes in order to characterize the conditions under which separating
indirect emissions is desirable.

Proposition 6. At the optimal precision of direct emissions measurement in each
regime, velative to the Scope-1-for-all regime, separating indirect emissions improves
the total surplus, that is, WsePerated > yycommingled i gpd only if

@ - kr + kpN

Bic = kr+kp
Separating indirect emissions improves total surplus relative to leaving them com-
mingled when

1. either the precision of the separated indirect emissions measurement By is suffi-
ciently high, or the precision of the commingled indirect emissions measurement
Bic is sufficiently low,
and/or

2. firms’ exposures to transition climate visk ky are sufficiently large, or their
exposures to physical climate risk kp are sufficiently small.

The first part of Proposition 6 captures concerns often made about the
reliability of measuring indirect emissions: Whenever reporting commin-
gled indirect emissions already conveys high-quality information but sep-
aration entails material measurement errors, forcing firms to report sep-
arated indirect emissions may impair market discipline and reduce social
surplus. Conversely, if separation of indirect emissions generates highly pre-
cise measurements of each firm’s allocation of indirect emissions (i.e., the
noise w; is small), then separation is desirable as it improves the market
discipline of firms’ production choices and improves the total surplus.

The second part of Proposition 6 states that the costs and benefits of
allocating indirect emissions to individual firms depend not only on the
reliability of the different reporting regimes, but also on firms’ relative ex-
posures to different types of climate risks. Separating indirect emissions is
more likely to be socially desirable if firms are more exposed to transition
climate risk. The intuition for this result is as follows. Recall that when a
firm is more exposed to transition climate risk relative to physical climate
risk (i.e., kr is large relative to kp), its long-term environmental loss de-
pends more on its own emissions, as opposed to the total emissions by all
firms. Accordingly, estimating the firm’s long-term environmental loss re-
quires precise information about the firm’s own share of indirect emissions,
where the separated indirect emissions disclosure excels. Conversely, when
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a firm is relatively more exposed to physical climate risk (i.e., kp is large
relative to kr), its long-term environmental loss is driven more by the total
indirect emissions of all firms, regarding which the commingled indirect
emissions disclosure contains relatively more information.

Our analysis speaks to the policy debate on the two approaches toward
measuring GHG emissions. Many observers favor a “simple and clear” so-
lution that requires only Scope 1 emissions for all firms.** Our analysis
supports these arguments insofar as separating indirect emissions induces
significant measurement errors. In addition, our analysis yields a new in-
sight. Given the issues of emissions leakages and reverse emissions leakages
(especially in the context of the global supply chain), firms’ relative expo-
sures to different types of climate risk (e.g., transition climate risk vs. phys-
ical climate risk) also play important roles in determining the preferred
approach for measuring and disclosing emissions. In particular, our analy-
sis suggests that regulators should adopt a measurement system with both
Scope 1 and Scope 3 emissions in industries where firms are primarily ex-
posed to transition climate risk (e.g., oil and gas companies). Conversely,
regulators should favor a Scope-1-for-all measurement system in industries
where physical climate risk is the main source of climate risk (e.g., agri-
culture, aquaculture, and fishing industries). In this regard, a policy impli-
cation of our study is that the reporting standards for indirect emissions
should be industry-specific. The latter implication echoes the industry ap-
proach that underlies current sustainability reporting standards set by the
Sustainability Accounting Standards Board.*®

4. Conclusions and Discussions

We study the costs and benefits of climate-related reporting policies in
a setting in which the quality and enforcement of such policies vary across
jurisdictions. We believe our framework provides a natural first step in un-
derstanding the role that market prices play in disciplining firms’ polluting
incentives to the extent that (1) regulators such as the SEC require the
public dissemination of climate-related information to all market partici-
pants because these participants would price any financially material infor-

3 For instance, Leuz [2022] notes that “the simplest and clearest measure is Scope 1. To
be sure, by being the narrowest emissions-reporting option, it creates the strongest incentives
for shifting activities. However, it doesn’t include other companies’ emissions, so avoids double
counting at the aggregate level. Moreover, if all companies worldwide, public and private, were
to report their Scope 1 emissions, all corporate emissions would be accounted for somewhere,
and one could add up reported emissions to obtain the total corporate emissions of a sector
or an economy.” Heal [2023] makes a similar point.

% For instance, the Sustainability Accounting Standards Board (SASB) advocates for an
“industry-specific” approach in setting sustainability reporting standards, and “develops sus-
tainability disclosure standards at the industry level, focusing on issues that are closely tied to
resource use, sustainability impacts, business models, regulation, and other factors at play in
the industry” (Sustainability Accounting Standards Board [SASB]).
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mation, and (2) firms care about the pricing of climate risks that affect
their future cash flows and could plausibly take actions to mitigate negative
pricing impacts.

By adopting a financial-materiality perspective, a limitation of our study
is that we focus exclusively on climate reporting policies and do not con-
sider other tools such as carbon taxes and/or tradeable pollution permits.
Arguably, the latter tools may have more direct impacts on firms’ pollut-
ing incentives so that the reporting tool might not be a substitute for more
targeted regulation. However, relative to other climate regulatory tools, we
believe that the reporting tool is potentially less intrusive. It is therefore im-
portant to empirically quantify the magnitude of the reporting tool that we
study and compare it with that of other tools such as carbon taxes or caps.
Moreover, we believe that what makes the reporting tool different from
other climate tools is that proper measurement and disclosure of direct
and indirect emissions sustains the efficacy of many other tools.?® We hope
that future research could adapt our framework to study the interaction of
climate reporting regulation with other climate regulatory tools.

Another key assumption of our paper is the presence of fragmented cli-
mate regulatory landscape: Regulations cannot cross jurisdictions as firms’
operations do. Firms in one jurisdiction can therefore avoid undesirable
regulation by outsourcing to suppliers in another jurisdiction especially
when the quality and enforcement of environmental standards vary across
jurisdictions. To understand the root cause of such fragmentation, as a nat-
ural follow-up to our study, one could model the political economy of reg-
ulations, that is, the determinants of regulators’ dispersed incentives in dif-
ferent jurisdictions.

Finally, by analyzing and deriving some properties of the optimal mea-
surement system for carbon emissions, we believe our analysis can generate
implications for designing carbon accounting systems in practice. However,
the exact implementation of the optimal measurement system is beyond
the scope of our paper. Interestingly, recent studies such as Kaplan and
Ramanna [2021], Reichelstein [2022], and Penman [2024] have begun to
explore the implementation of carbon accounting systems grounded in
fundamental accounting structures and principles. A promising venue for
future research, in our view, is then to build the properties of the optimal
measurement system implied by our economic analysis into the ongoing
development of carbon accounting systems.

36 For instance, a motivation for introducing emissions disclosures in the EU is to support
the carbon trading system. In particular, European Union [2024] notes “(t)he monitoring and
reporting of GHG emissions must be robust, transparent, consistent and accurate for the EU
emissions trading system (EU ETS) to operate effectively.”
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APPENDIX: PROOFS

Proof of Lemma 1. Substituting (1) and (4) into (9) yields the social planner’s
optimization problem

N 2 2 N
q; i
{m;t})iszz qi+fi—§—?—sCIiﬁ—kT(Qi'f'fi)_kPZ(‘]j"'ﬁ)
G- Jif iz i=1 j=1

All the firms are ex ante identical and the social planner therefore sets
gi=qand f; = fforfirm i e {1,..., N}. Taking the first-order conditions
with respect to ¢ and f yields

l—q—csf—kr—kpNZO,
1— f—cq—kr—kpN =0,

Solving the preceding equations yields the first-best production choices in
the lemma. The condition ¢’ > 0 is equivalent to

l—k]‘—kpN>0,

which is satisfied given our assumption in (8). Next, taking the second-
order conditions yields

2w
— =—-N<0,
Y
2w
— =—-N<0,
a f?
2w
= —Ng¢, < 0.
dq0 f
Note that % i)/“f - (S’;—;V/ = N%(1 — ¢?), which is positive given our as-
sumption in (8). Therefore, {qm, fFB} is a maximum. Il

Proof of Lemma 2. Firm 7’s maximization problem at ¢ = 0 is

max Ey[F],
gi- Ji

which can be rewritten as
max Eolzin — Ex[®@ile e—i, fi+ virs [oi + v-ir]].

which is equivalent to

9 9
nqqa}xEo }(i—%—?i—csqifi_El kr(ei+ fi+vir)

N

the [ e+ e | lenein fitvies fritvoir
j=1
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Thus, firm ¢’s maximization problem becomes

2 2 N
r{}}:}rxqi—lr i_%_?l—quifi—kT(Qi‘i‘ﬁ)—kp Zq},-—i—f,-

j=1
Taking the first-order condition with respect to ¢; yields
1—q¢—cfi—kr—kp=0.
Similarly, taking the first-order condition with respect to f; yields
1— fi—cqi—kr —kp=0.

Solving the first-order conditions yields the full information production
choices ¢; = q“ and f; = f“ in the lemma. Next, taking the second-order
conditions yields

?Ey [P,
M =_1<0,
dg;
?Ey [P,
Eo[2 J_ 0.
A,
9By [Pa]
—— =—¢ <0.
9¢;d fi
Note that ‘)'b;’q[f“] dzg"/[.fl] — ‘)f(‘[’glf’”] =1 — ¢, which is positive given our

assumption in (8). Therefore, {¢"!, f*'} is a maximum.
Moreover, ¢/ > ¢"'# if and only if
11—k —kp - 1—kr — kpN
1+ ¢ - 1+ ¢

which is always satisfied given that N > 2.
Att = 0, firms’ total surplus is given by

’

N 2 9 N
W=> kK Xi_%_f_é_csqifi_kT(ei“l‘ﬁ+ViF)_kP o+ Y e
i=1 j=1
N . . N
_Z ) __qiz_fiz_ RS S Y — k ) )
- 6]7, + 7 ? ? qulﬁ 1 (qT + f‘) PZ (qi + f/)

=1 ]‘:]

Substituting for ¢; = ¢# and f; = f? yields the total surplus in the first-
best regime

FB\2 FB\2
WFB=N|:qJ-‘B+fFB_ (‘12) _ (f2 ) — g fB — kp (g"F + 1)

(e )
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1—ky— 2
_ N( 7 — kpN) .
1+ ¢
Furthermore, substituting for ¢; = ¢/’ and f; = f*/ yields

FI\2 FIy2
Wt =N|:([F[+fF1_ (¢"") _ (S0 — oq" T — ke (g + fTTy

_kPN(qFI+fF[):|

N —kr —kp) (1 — kr — kp (2N — 1))

1+ ¢
- kN (N —1)2
1+ ¢ '
O
Proof of Proposition 1. Differentiating (15) with respect to ¢; and f; yields
1—g—c¢fi—Bp(hkr +kp) =0 (A.1)
and
1— fi—c¢qi— Bic(kr + kpN) = 0. (A.2)

Solving the first-order conditions yields:

;= 1 — (kr + kp)Bp — ¢;(1 = (kr + kpN) Bic)
N 1-¢

and

« L= (kr +kpN)Brc — ¢s(1 — (kv + kp) Bp)
/= 1-¢2 '

The condition ¢* > 0 is equivalent to

1— (kr +kp)Bp > ¢ (1 — (kr + kpN) Bic),

which is satisfied given that our assumption in (8) implies 1 — ky — kp > ¢;.
Similarly, the condition f* > 0 is equivalent to

1— (kr + kpN)Bic > ¢(1 — (kr + kp) Bp),

which is satisfied given that our assumption in (8) implies 1 — k7 — kp > ¢.
Using similar steps as in the proof of Lemma 2, one can easily check that

{¢*. /*} is a maximum by deriving the second-order conditions. O
Proof of Corollary 1. Recall that
¢ _ L
Wig. /)= N[q+ J=g =g —eqf —hr(g+ /) —keN(g+ f)}
Thus, using the first-order conditions in (A.1) and (A.2), we get
ow

g ==y =N = = o — k= kpN)
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= N(Bp(kr +kp) —kr — kpN) <0

and

oW L
W|q=q*,f=.f* =N - f"—cq —kr —kpN)

= N(Brc(ky + kpN) — kr — kpN) < 0.
The two inequalities follow directly given that fp € [0,1] and B¢ €

[0,1/N].
Moreover, the condition ¢* + f* > ¢/% + fI'8 is equivalent to

1— (ky +kp)Bp — ¢(1 — (kr + kpN) Bic)

1—¢
1 — (kr + kpN)Bic — ¢ (1 — (kr + kp) Bp)
+
1—¢
- 2(1_kT_kP]\(])(1_Cx),
- 1—¢

which is equivalent to
(1 —¢) ((kr + kpN) — (kr 4+ kp)Bp) + (1 — ¢) (kr + kpN) (1 — Bic) = 0.

This last condition is always satisfied given that our assumption in (8) im-
plies 1 > ¢;.

Finally, the condition Ey [Z‘L @, (q", f*)] > £ [Zﬁil ®,(4"", fFB)] is
equivalent to

N(kr +kpN) (¢" + f*) = N(kr + kpN) (4" + f77),
which is always satisfied given that ¢* + f* > qF By fF B, O

Proof of Corollary 2. The comparative statics of {¢*, f*} can be observed
directly from their expressions. t

Proof of Proposition 2. The first two parts follow directly from the comparative
statics of {q*, f*} with respect to B¢ as given in Proposition 1. To prove the
last part regarding the surplus comparison, we first derive the equilibrium
production choices under the regime in which regulators require firms to
report their direct emissions only but not their indirect emissions (hence-
forth, direct-emission-only regime) by substituting B;c = 0 into {q*, f *} in
Proposition 1, which yields

direct 1 - (kT + kP)IBD — G
1 - 1—¢2

and

fdirect — 1- C.Y(l - (kl + kP),BD)
1—¢2 ’

Substituting {q’”’”“‘, [flirect } and {q*, f *} into the ex ante total surplus W in
(9) yields the total surplus under the direct-emission-only and the Scope-1-
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for-all regimes, W®"! and Weommingled | respectively. Taking the difference
of the two surpluses yields

W{fr)mmingled _ Wdirf(‘t
_ N(kr + kpN) 2¢;(kr + kp) Bp + (k1 + kpN) (2 — Brc) — 2¢,(kr + kpN) ) Bic

2(1—¢2)
(A.3)
Hence Weommingled > yydirect 3£ and only if
2¢,(kr + kp)Bp + (kr + kpN) (2 — Brc) — 2¢,(kr + kpN) > 0,
which is equivalent to
. 2(kr + kpN) — & (kr + keN) (2 = Brc)
v 2(ky + kp) '
O
Proof of Proposition 3. Using the total surplus in (9), we can rewrite (16) as
1—q¢" — ¢ f"—kr — kpN 1— f*—¢q"—kr —kpN) =0.
3,30( ¢ —cf T — kp )+3,31)( =g T — kpN)
(A.4)
Using the equilibrium production choices {q*, f*} in Proposition 1, we ob-
tain
of* (kr + kR aq*
l=w=—ﬁs 7 (A.5)
9Bp 1—¢? 9Bp

Substituting {¢*, /*} and (A.5) into (A.4) and solving the equation yield
_ (ke + kpN) (1 — (1 — Bic)) > 0.
kp + kp

To complete the proof, we derive the second-order condition of the maxi-
mization problem

Bo

1 92w 9%q*
— =L (1 =k — kpN) — (1 = ky — kpN) — ¢°
N 3B;, 28;,
+ ffe—of + csq*cs]
da* 2 91 2 dag* o f*
_<_q> _(L> P (A.6)
9Bp 9Bp 9Bp 9Bp
At the optimal Bp = B, gg) = 0. Thus, we get
19w (8q*>2 <af*)2 0, 04 S
< = - — 2¢
N 3B} 9Bp 9B dBp 3B
9a* 2 9 f* 2 * *
) (e it
9bp 9Bp 9Bp 3Bp
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dq* 8f*)2
= —¢| — + =
¢ (3,31) 9B8p
<0, (A7)

which implies that 8 = §}, is a maximum. Note that, to have an interior
B}, € (0,1), we need

o kp(N — 1) ’

1 (kr + kpN) (1 = B1c)
<

which is equivalent to

kp(N —1)
¢;(kr + kpN)’
which yields the condition in the proposition. If this condition is not met,
By =1

Lastly, when B;c <1 —
to Bic ylelds

Bic <1—

%, taking the derivative of 8}, with respect

0B}, ¢ (kr + kpN) -

= > 0.
dB1c kr + kp

O

Proof of Proposition 4. We compare the firm surplus under the direct-
emission-only and under the Scope-1-for-all regimes at the optimal direct
emissions measurement precision. If 8;¢ < 1 — %’ substituting 87, in
Proposition 3 into the equilibrium total surplus in (9) yields
(kr + kpN)* (1 = Brc)*N

Wcommingled — WFB _ 5 ,

where

(1 — kr — kpN)?
T
represents the total surplus evaluated at the first-best production choices.
Note that W e!d js increasing in . Similarly, if B¢ > 1 — &0,
at Bp = Bj, = 1, we get

QW commingled _ N(kr 4 kpN) (¢skp (N — 1) — (kr + kpN) (1 — Bic)) -0

WFB:N

9

dBic 1—¢2
Accordingly, W eommingled > yycommingled| .\ ‘where the latter is the total sur-
plus under the direct-emission-only regime. D

Proof of Proposition 5. Substituting (12), (17), and (1§) into Py, and taking
the expectations using £ [y;] = ¢; and & [yr] = Z]\zl /; yields the follow-

ing maximization problem for each firm:

¢ S

max ¢; + fi— o — o — eqi fi — | k(@ + Bo(gi — 4:)] + ke[ i + Bis(fi = J)]

s fi 2 2
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N N N N
ke D4+ ST B0 (45— )+ sy (fi— )
j=1 j=1 j=1 j=1

Taking the first-order conditions yields

1—q¢—c¢fi—Bp(kr +kp) =0,
1— fi—c¢qi— Bis(kr + kp) = 0.

Solving the first-order conditions yields the equilibrium production choices
{¢**, f**} in the proposition. The conditions ¢** > 0 and f** > 0 are satis-
fied given that our assumption in (8) implies 1 — ky — kp > ¢,. Using similar
steps as in the proof of Lemma 2, one can easily check that {q**, f*} isa
maximum by deriving the second-order conditions.

Next, substituting the equilibrium production choices {¢**, f**} into
the total surplus in (9) gives the equilibrium level of the total surplus
W (¢**, f**). Taking the firstorder condition of W (¢**, f**) with respect
to Bp and solving the first-order condition yields the optimal precision B}
in the proposition. Using similar steps as in the proof of Proposition 3, one
can easily check that 8} is a maximum by deriving the second-order condi-
tion. Note that, if ;g < %, taking the derivative of B with
respect to fs yields

o8
0Brs

=¢ > 0.

O

Proof of Proposition 6. Substituting the equilibrium production choices
{¢**, f**} and the optimal measurement precision Bj;* in Proposition 5 into
the total surplus (9) yields the equilibrium level of the total surplus in the
Scopes-1 -and-3 regime W*P* !t = W (g™, f*; B5¥). ) 7
First, when B;c <1 — —Q}z’];;fikl};v and f;s < &kt hpN) —hp (N=1) +ﬁ’;‘;; +}§f’>(‘\ 1)
rewrite the difference between the total surplus W*?“ ! in the Scopes-1-
and-3 regime and the total surplus W<mmingled i the Scope-1-for-all regime

as follows:

, we can

W/:ommingled _ W.w[)amted

((kr + kpN)Brc — (kr + kp)Brs) ((kr + kpN) (2 — Bic) — (kr + kp) Brs)

2
Accordingly, Weommingled < yyseparated cap he rewritten as
(kr + kpN)Brc — (kr + kp) Brs < 0,

which is equivalent to

Brs _ kr+ kN
Bic ~ kr+ke
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: _ _kp(N-1) ¢ (kr+kpN)—kp(N—1) *
Second, if B¢ > 1 P and Brs > o G+ kp) , then B}, =

" = 1. The condition W commingled _ yyyseparated - () ig equivalent to

N((kr + kpN)Bic — (kv + kp) B1s) ((kr + kpN) (2 — Bic)
— (kr + kp) Brs — 2¢;kp (N — 1))

2 > 0,
2(1 - c )
which is equivalent to Bis . krtheN
Bic kr+kp

Finally, if ;¢ < 1 — =T is not satisfied and B;5 <

o (kr+kp)
: : : ¢ (kr+kpN)—kp(N—1) - : _
is satisfied, or if B < T s not satisfied and B;c < 1

% is satisfied, one can check that Weommingled < yyseparated jq 41gq
. Bis kr+kpN

equivalent to g > ZEEAEE. -
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