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Abstract

We review the state of knowledge concerning international CO2 emission
transfers associated particularly with trade in energy-intensive goods and
concerns about carbon leakage arising from climate policies. The historical
increase in aggregate emission transfers from developing to developed
countries peaked around 2006 and declined since. Studies find no evidence
that climate policies lead to carbon leakage, but this is partly due to shielding
of key industrial sectors, which is incompatible with deep decarboniza-
tion. Alternative or complementary consumption-based approaches are
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needed. Private sector initiatives to trace and address carbon emissions throughout supply chains
have grown substantially but cannot compensate for inadequate policy. Three main price-based
approaches to tackling carbon leakage are potentially compatible with international trade rules:
border adjustments on imports, carbon consumption charges, and climate excise contributions
combined with emissions trading.We also consider standards and public procurement options to
tackle embodied emissions. Finally, we discuss proposals for carbon clubs involving cooperation
among a limited set of countries.
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1. INTRODUCTION

Ever since climate change became part of the political agenda, governments and civil society
have mostly conceived the problem, and potential solutions, in terms of territorial emissions,
presuming this best reflects principles of state sovereignty over the regulation of carbon-emitting
or -sequestrating processes on their respective territories. Since then, however, globalization—an
important driver of economic development—has led to a surge in international trade and extended
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Greenhouse gases
(GHGs): atmospheric
gases responsible for
causing global
warming and climate
change, such as carbon
dioxide, methane, and
nitrous oxide

Emissions-intensive,
trade-exposed
(EITE): carbon
emissions-intensive,
trade-exposed
industrial sectors

Policy-driven carbon
leakage:
the phenomenon of
companies moving
emissions-intensive
operations abroad to
escape regulation,
displacing rather than
reducing emissions

supply chains. The share of greenhouse gas (GHG) emissions associated with the production of
internationally traded products has grown to 25% of all emissions (1). This creates a divergence
between territorial emissions and carbon footprints, which comprise both upstream and direct
emissions of products consumed in a country, also called consumption-based emissions (CBE)
accounts.

Critics consequently point to offshoring of emissions-intensive, trade-exposed (EITE)
production—sectors like metals, cement, and basic chemicals—as potentially undermining the
effectiveness and legitimacy of claimed national emissions reductions (2). In addition, the fear of
policy-driven carbon leakage—companies moving emissions-intensive operations abroad to es-
cape regulation—impedes many, perhaps most, mitigation policy options for EITE production,
given the perceived risk of these shifting to jurisdictions with weaker climate policies.

At the same time, companies and consumers are concerned about the emissions throughout the
supply chains that are implicated in the final product,with little reference to territorial issues.Aim-
ing for net zero emissions at the national level through bigger cuts to domestic emissions may not
only increase the relative importance of emissions from traded goods but also inescapably require
policies that decarbonize EITE industries rather than cause carbon leakage. Corporate claims to
aspire toward net zero corporate footprints will ring hollow if they narrowly limit themselves to
their direct operations and fail to address their supply chains.

The challenge is pervasive. Energy is a basic need. For two centuries, fossil fuels have powered
industrial production, transport, agriculture, and electricity generation, enabling a fundamental
transformation of our societies from an agrarian, place-based patchwork of communities to an in-
tegrated, global economy. The production of many basic commodities and of the most commonly
used materials in industrialized societies, such as steel, plastic, and cement, is highly carbon inten-
sive (3). Territorial emissions thus depend partly on the position of countries in the global division
of labor. Emissions from countries that specialize in basic industries and manufacturing (and meat
production or forestry products) tend to emitmore than one would expect from their consumption
levels, and vice versa for countries that specialize in services or less emissions-intensive activities.

Ever since the first climate mitigation policies emerged in the early 1990s, governments have
effectively ignored consumption-based responsibility.Countries outsourcingmanufacturing could
credit themselves for improving efficiency and giving consumers cheaper products (while claiming
credit for emission reductions); however, the political limits of this have been tested by backlashes
against globalization, especially since the financial crisis.

Regulating production-based emissions (PBE) in a globalized world inevitably entails the risk
of policy-driven carbon leakage. This risk has thus far been largely circumvented by exempting
EITE sectors from any strong incentives, such as carbon pricing or production standard-setting,
most notably through free allocation in emissions trading. Such exemptions are incompatible with
the ambition to stabilize global temperatures. Industrial production overall accounts for approxi-
mately 40% of global fossil-fuel-and-industry emissions.1 Net zero emissions cannot possibly be

1In 2019, direct industrial production and process emissions accounted for 10.3 GtCO2, with other gases
adding approximately 3.8 GtCO2eq; indirect (electricity-related) emissions were 5.91GtCO2.These compare
to global inventory estimates of 59 GtCO2eq for all gases. Thus, direct emissions from industrial production
account for approximately one-quarter of globalGHGemissions, or one-third including the indirect emissions
from industrial electricity consumption; agricultural and land use emissions account for approximately 22%.
Omitting the latter, which have much larger uncertainties, industrial production accounts for approximately
25% (direct) and 40% (indirect) of global fossil-fuel and industry emissions. For specifics on the data, see
Reference 4, figures TS.2 and 11.4.
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Carbon Border
Adjustment
Mechanism (CBAM):
policy instrument to
level the carbon price
paid between goods
produced domestically
and abroad [see also
the discussion on
border carbon
adjustments (BCAs)]

achieved while exempting the biggest emitting sectors, namely emissions-intensive industry. The
Intergovernmental Panel on Climate Change (IPCC) highlights that while macroeconomic costs
may be modest, abatement costs in some sectors—including key industrial sectors—could exceed
€100/tCO2 (5). We can no longer ignore the impact of trade, and issues of potentially shared
responsibilities for emissions associated with producing goods in some countries fueled by con-
sumption in others, particularly given the United Nations Framework Convention on Climate
Change (UNFCCC) principle of common but differentiated responsibilities and respective ca-
pabilities, and the bottom-up philosophy of the Paris Agreement with its implication of diverse
national approaches.

Fortunately, over the past 10–15 years, a burgeoning literature has developed to shed light
on the issues involved. Initially, and still predominantly, this was focused on leakage concerns in
relation to the use of carbon pricing. More recently, carbon pricing, emission standards, and sub-
sidies have been recognized together as potentially important policy instruments for incentivizing
the development and uptake of low- or zero-carbon technologies or practices. In addition, more
direct demand-pull instruments, including public procurement, can also help as part of a more
comprehensive policy mix (6). This may complicate the picture further, but also introduces new
options. This review works systematically from the general global trends and sectoral structures,
through the nature of supply chains and private sector initiatives, to examine the policy responses
and options particularly in relation to policy-induced carbon leakage.

Section 2 focuses on the empirical foundations, presenting the latest knowledge on the scale
of emissions transferred through international trade, in terms of the divergence between pro-
duction and consumption emission accounts, highlighting the sectoral structure and outlining
the mechanisms and potential scales of carbon leakage. This establishes that while production
of tradeable goods accounts for one-quarter of global emissions, the aggregate emission trans-
fers between developing and developed regions peaked around 2005 and have declined signifi-
cantly since. We also indicate how the scale of transfers depends on accounting approaches to
exports.

Section 3 then examines the extensive growth of private sector responses, often taking an in-
herently more international, supply chain–oriented view. This includes information conveyed
through Product Carbon Footprints (PCFs) and Environmental Product Declarations (EPDs),
which combine with growing corporate environmental norms to generate significant pressures
through supply chains.

Section 4 then explores the main public policy options that have been proposed to address
leakage concerns. To date, the main debate has contrasted free allowances and exemptions against
proposals for border carbon adjustments (BCAs), an old debate now reinvigorated by the specific
European Union (EU) proposal for a Carbon Border Adjustment Mechanism (CBAM). We also
identify two other approaches to pricing, as well as regulatory approaches.

In Section 5, this is then juxtaposed by explicitly considering equity and distributional implica-
tions of various measures aimed at addressing carbon leakage—an enduring flashpoint, as revealed
by the EU’s CBAM proposal. This points to the deep complexity of the challenge, ethically and
politically.

This leads naturally to a conclusion that solutions will have to be inherently evolutionary, test-
ing options and “feeling the stones” across a complex minefield of conflicting perspectives and do-
mestic and international interests.We briefly explore these themes in Section 6, including diverse
proposals for so-called carbon clubs involving a limited set of countries, before finally drawing
broad conclusions.
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2. NATIONAL ACCOUNTING AND CONCERNS: TRENDS IN
PRODUCTION VERSUS CONSUMPTION AND CARBON LEAKAGE

2.1. Production Versus Consumption Accounting: The Wedge Between
Territorial Emissions and National Carbon Footprints

In principle, national emissions can be counted either in terms of emissions generated in a ter-
ritory (by industrial production, and locally emitting consumption such as driving and heating
homes) or in terms of emissions associated with all consumption, including of traded goods (7).
The UNFCCC system, including the Paris Agreement and emission pledges under it, is based
on territorial emission accounting, often termed production accounting.2 In principle a country
can claim credit for reducing its territorial emissions while maintaining its consumption pattern
and lifestyle, by outsourcing the production of certain (emission-intensive) goods consumed do-
mestically. The growth of international trade, especially with rapid globalization since the early
1990s, begs the question of whether emission reductions increasingly observed in industrialized
countries (9) primarily reflect a real mitigation effort or the offshoring of emissions (10, 11). A
related question is how much of the rapid increase in emissions from some developing countries
has been due to rising consumption in industrialized countries. Consequently, a consumption-
based accounting framework has been suggested as a fairer depiction of responsibility for current
emissions (12).

Implicit in these debates are questions of how to account, measure, and attribute responsibil-
ity for emissions associated with internationally traded products. Since the early 2000s, a growing
body of literature has employed consumption-based accounting, using several globalmultiregional
input-output (MRIO) datasets, to quantify the emissions attributable to finished goods and ser-
vices through the global value chain and the national carbon footprints. Formally, the carbon
footprint of a territory, whether it is a city or a country, comprises emissions generated directly
and indirectly along the global supply chains to satisfy the final consumption in the territory (13,
14). Mathematically, consumption-based emissions (CBE) accounts or carbon footprints are PBE
accounts, minus the carbon footprint of products exported (CFX) plus the carbon footprint of
products imported (CFI) (15):

CBE = PBE −CFX +CFI.

Despite commonly expressed doubts about the reliability of MRIO datasets given the various
sector classifications, attribution of emissions from infrastructure and investments, trade assump-
tions, and other economic issues, differences in the CO2 emissions data (rather than trade) are the
main cause of differences in their CBE estimates (16). The CBE and PBE estimates derived from
different MRIO datasets differ by less than 10% for most countries (16, 17).

For any region/country, the difference between CBE and PBE, or equivalently, between CFI
and CFX, measures its net emission transfers (NT) with the rest of the world by international
trade. The economically advanced countries of the Organisation for Economic Co-operation and
Development (OECD) as a whole have higher emissions associated with imports than with ex-
ports, while the reverse is true for emerging economies as a whole, as indicated by the bands in

2PBE accounts are often equated with territorial emissions in the literature. The UNFCCC process utilizes
terrestrial emissions, with separate accounting of international transport. PBE accounts reflect a classifica-
tion, consistent with economic accounting, covering all emissions including international territories, aviation,
shipping, and nonresident activities, which are not strictly territorial (8). In PBE, aviation and shipping are
allocated according to the residence of the airlines and freight companies owning the ships.
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Figure 1

(a) Trends in production-based (solid line) and consumption-based (dashed line) CO2 emissions and (b) net CO2 import of OECD
countries from non-OECD countries (1995–2019). The figure is an updated version of Wood et al. (18, figure 4) (CC BY 4.0).
Abbreviations: CBE, consumption-based emissions; OECD, Organisation for Economic Co-operation and Development; PBE,
production-based emissions.

Figure 1a. Crucially, the net transfers from OECD to non-OECD countries peaked in 2006 and
decreased to a pre-2000 level by 2019, which is different from an increasing trend that many had
assumed (Figure 1b). This is mainly due to a declining emissions intensity of traded goods, espe-
cially from developing countries, which has outpaced the effects of increasing trade volume since
2006 (18).

Additional and national-level insights in Figure 2a show the evolution of PBE and CBE in
terms of development pathways for different countries as their economies have grown (the x-axis,
per capita GDP). The net transfers are influenced by the trade balance, the energy mix in a region
compared to its trade partners, and the position of the region in the global division of labor. Trade
deficits (US), a low-carbon energymix (EU-15), and a specialization in services and light industries
(EU-15) tend to lead to net imports, whereas a trade surplus (China), a dirty energy mix (China),
and a specialization in resources and heavy industry (Russia) drive net exports. In much of the
developed world, the trends up until the financial crisis (2008–2009) did involve divergence, with
territorial emission reductions alongside a rising carbon footprint, but CBE have since declined
as much as or even more than PBE. The meteoric rise of China did include significant emissions
from exports, and China now is at a level of both per capita income and carbon intensity similar
to that of western Europe around 1970; however, its carbon intensity is approximately twice that
of Brazil or Mexico at the same stage of per capita income, due more to its abnormally high rate
of investment and widespread use of coal than of its export industries. The peak and subsequent
decreasing net transfers are also visible in most of the country/region pathways.

A positive net transfer has been commonly equated with emissions outsourcing, but recent
literature highlights a problem if this is understood as shifting energy-intensive activities abroad.
If two countries trade the same product and amounts between each other, yet one has a cleaner
energy mix than the other, it results in a net transfer: Countries with more carbon-efficient tech-
nologies than their trading partners have a higher national carbon footprint even if such trade
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Figure 2

Evolution of production (since 1975) with consumption-based (since 1995) CO2 emissions per capita of selected countries as a function
of GDP per capita, (a) based on the CBA method and (b) with TCBA. Conception of panel a as per Grubb et al. (19) and updated by the
authors (specifically, R. Wang). TCBA is with exports counted at global average emissions intensity. EU-15 refers to the 15 members of
the European Union as of 1995, primarily Western and Scandinavian countries, before enlargement to include the Eastern European
Economies in Transition (EU-EIT). The GDP was adjusted for PPP, i.e., the relative domestic purchasing power of different
currencies. Additional abbreviations: CBA, consumption-based accounting; CBE, consumption-based emissions; GDP, gross domestic
product; PBE, production-based emissions; PPP, purchasing power parity; TCBA, technology-adjusted consumption-based accounting.

reduces global emissions by displacing dirtier foreign production (13). An alternate, technology-
adjusted consumption-based accounting (TCBA) method adjusts the emissions intensity of
exporting sectors based on the global average emissions intensity, which credits efficiency im-
provements in exported goods. This acknowledges countries’ contributions to global emissions
reduction (13) (compare EU between Figure 2a and b) and also yields a more positive evaluation
of purported leakage under the Kyoto Protocol (20). TCBA accounting indicates that the EU-15
and Australian emissions trade balances switched around 2015. The technology adjustments
have little impact on the United States, indicating the overall carbon intensity of the relevant
US (exporting) sectors is close to the global average.3 Some other TCBA adaptations have been
proposed, notably around investment, but the additional benefits are somewhat unclear (21).

3TCBA accounting correspondingly reduces the attributed developing–developed country transfers, being
approximately 1 GtCO2/year lower than indicated in Figure 1b (13). However, TCBA itself suffers from
limitations regarding the measurement and comparison of carbon intensity and sectoral aggregation effects.
Intensity measured as kgCO2 emissions per traded value neglects the price differences of production among
countries. The TCBA methods based on MRIO tables also suffer from the sectoral aggregation issue. The
composition of a sector’s products in one countrymay differ substantially from the global average,whichmakes
the comparison implicit in the correction problematic. Therefore, TCBA’s technology adjustment based on
carbon intensities at the sector level improves the conventional NT accounting but leaves some critical issues
unsolved.
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Production-based versus consumption-based emissions by sector: internal and external attribution. Figure
adapted with permission from Wood et al. (22, figure 6) (CC BY 4.0). Abbreviation: EU, European Union.

2.2. Sectoral and Distributional Structure of the Issues

Differences between PBE and CBE can be traced back to a few relatively concentrated economic
activities. Figure 3 illustrates that for the EU (and generally), there is little or no difference for
households, services, transport, and construction, which are not traded. The additions associated
with international carbon footprints arise mostly from utilities (such as upstream emissions for gas
imports), manufacturing, mining, and agriculture. For Europe, many of these activities unavoid-
ably occur elsewhere for simple reasons of natural resource endowment. Among major economic
regions, Europe is unusual in the extent of the overall imbalance between production and con-
sumption, especially given its relatively limited (remaining) mining and agricultural potentials.

Most policy discourse about competitiveness and carbon leakage concerns emissions associated
with industrial products. In gross terms, 50% of product-related emissions arise from products
manufactured outside of the EU, but the net effect is only 25%, due to EU exports (which indeed
would offset far more with the TCBA approach). The imbalance is more pronounced in agricul-
ture with 29% net imports and very high in mining with net imports of 79% of embodied GHG
emissions. Like Japan and South Korea, the European economy depends on imports of resources,
and it is this—including mining and agriculture—that drives the wedge between the EU’s PBE
and CBE (21). Globally, emissions from manufacturing form a larger share of GHG emissions
than for the EU, and rising ambition on climate mitigation makes decarbonizing the manufactur-
ing industry an ever-more pressing concern. In turn, the past decade has increasingly highlighted
that emission-intensive activities are highly concentrated: Two-thirds of industrial emissions, or
one-quarter of global GHG emissions (including electricity-related), arise from the production
of basic materials like steel, cement, plastics, fertilizers, aluminum, glass, and pulp and paper
(23).

While the majority of trade-related emissions transfers are attributable to non-energy-
intensive sectors that are traded in much greater volumes (1), concerns about carbon leakage
primarily focus on EITE sectors, in which energy and carbon costs represent a high share of
overall costs. This is illustrated in Figure 4, which shows for the EU the potential impact of
carbon costs relative to value added by sector—which the literature (24) concludes is the most
appropriate indicator—in the EU economy. This underlines the extent to which industrial CO2

emissions are heavily concentrated in sectors that are also expected to grow globally and that face
strong international competition.
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Figure 4

Potential impact of €30/tCO2 carbon cost (if no free allocation) on manufacturing sectors in Europe (EU-28), and their share of total
manufacturing GVA (2018). Data from the authors’ calculations, on the basis of Eurostat and the EU ETS EUTL, updating
Reference 27, figure 8.4. GVA for manufacturing sectors from NACE Rev. 2, B-E (https://ec.europa.eu/eurostat/databrowser/view/
sbs_na_ind_r2/default/table?lang=en), with all level-4 NACE manufacturing sector (C) codes, for 2018 as the last year that includes
the United Kingdom within the EU (EU-28 countries). Manufacturing does not include extraction/utility industries. Direct emissions
from the EUTL database (https://euets.info/), with verified emissions by installation obtained from the “compliance” subdataset and
allocated to each corresponding NACE 4 sector for consistency with GVA data, multiplied by CO2 price of €30/tCO2, the same as
used for the 2015–2019 carbon leakage assessment. The same indirect (electricity-related) emissions costs to GVA ratios as those
reported for the 2015–2019 carbon leakage assessment were assumed (https://ec.europa.eu/clima/system/files/2016-11/carbon_
leakage_detailed_info_en.pdf ). Abbreviations: EU ETS, European Union Emissions Trading System; EUTL, European Union
Transaction Log; GVA, gross value added; NACE, Nomenclature statistique des activités économiques dans la Communauté
européenne.

A consumption perspective also has distributional implications. Rich households have higher
carbon footprints than poor households; the consumption of the wealthiest 10% of the world’s
population is estimated to account for 36–45% of all GHG emissions and an even higher
share of energy and industrial CO2 emissions (25–27). The “super-rich” have carbon footprints
estimated at well over 100 tCO2 per capita (28). Approximately half of this comes from air travel—
much of it international, often outside national accounting systems—with much of the rest asso-
ciated with other forms of conspicuous consumption, often through long international supply
chains.

2.3. Carbon Leakage and Supply Chain Leverage: Mechanisms and Scale

The specter of carbon leakage stifles the regulation of production-based industrial emissions.
Climate-policy-induced carbon leakage (abbreviated to carbon leakage in this article) represents a
subset of all embodied emissions in trade that is specifically driven by international differences in
climate policies. Carbon leakage is a displacement rather than a reduction of emissions as a
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Figure 5

Desirable and problematic dimensions of mitigation in energy-intensive industries. Adapted with permission fromReference 86, chart 2b.

direct consequence of climate policy choices. Leakage can also occur through other indirect
climate policy impacts, for instance by reducing international fossil fuel prices or changing
domestic and foreign demand, but here we focus on leakage through trade and capital flows.

Climate policies such as carbon pricing and emission standards, in principle, encourage miti-
gation throughout the value chain by producers, consumers, and all the intermediate stages (e.g.,
assembly, construction). On the supply side (left-hand side of Figure 5), emissions pricing incen-
tivizes low-carbon innovation and emission reductions in the primary emitting industries. On the
demand side, the additional costs are passed on to intermediate and final consumers (right-hand
side of Figure 5), encouraging them to reduce consumption of carbon-intensive goods and switch
to low-carbon alternatives, given so-called full carbon cost internalization.

Where trade enables the spatial separation of production from use, competition from lesser-
regulated foreign producers (in domestic or export markets) may limit the pass-through of carbon
costs and generate undesired side effects, including leakage. Figure 5 illustrates this dilemma. On
the one hand, full carbon cost pass-through is necessary to recover costs and create incentives
on the demand side for consumers to use lower-carbon products and services and for companies
to create products to meet this demand. However, if companies do pass through carbon costs to
their product prices, they may lose ground to imports and/or lose exports. If companies do not
fully pass through their costs, profitability declines and investment is driven away in the absence
of supplementary measures (middle of Figure 5). Both may risk carbon leakage (operational or
investment) (29, 30).

In practice, the idea of companies literally relocating factories is simplistic. High fixed plant
costs and immobile physical capital of energy-intensive sectors can make a direct physical move
infeasible.However, higher domestic costs tend to deter new investment, thus shifting new invest-
ment abroad, a process that is slower and harder to detect (31–33). Overall, the literature provides
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little to suggest that the effectiveness of existing climate policy has been substantially affected
by leakage. While model-based studies find moderate trade-related leakage rates in the 3–15%
range (34), empirical studies testing for evidence of leakage from existing policies such as the EU
Emissions Trading System (ETS) do not find strong support; however, this is hardly surprising
given the generous free allocations granted with the express aim of preventing leakage (35, 36)
(Section 4). The evidence does not rule out the possibility of higher leakage at higher carbon
prices, in the absence of free allocation, and suggests leakage rates would be higher in smaller
jurisdictions (34).

The extent to which companies can pass through costs to prices is usually linked to the sensitiv-
ity of demand and supply to price and the degree of competition, which in turn depends on mul-
tiple factors including trade barriers and global excess capacity; the likely extent of pass-through
can be very hard to estimate (37–39).

In electricity, only tradeable through wires, the risk of leakage through import substitution is
generally low except in jurisdictions with significant cross-border interconnection capacity and
trade such as California (28, 40). Full carbon cost pass-through is observed in liberalized elec-
tricity markets (41, 42) but negligible in highly regulated markets such as South Korea (43). The
policies that have proven most effective in promoting renewables largely circumvent leakage con-
cerns, taking the form of contracts for clean energy, and recovering the costs through charges on
domestic electricity consumption.

Analysis shows that leakage risk varies considerably both across and within sectors, being ul-
timately limited to a number of narrow, specific cases (37, 44) that are linked mainly to carbon
intensity of production (Figure 4) and the inability to fully pass forward CO2 costs to product
prices given major trade exposure (24, 45). While leakage risk is low overall and concentrated in
a few key material sectors, politically, it cannot be ignored. Companies will almost always fight
efforts by government to extract revenue from their sector, and at a local level, politicians can
rarely ignore a company threatening to cut jobs and relocate demanding exemptions from, or
compensations for, climate policy (46).

To circumvent the problems arising from differences in production-based climate policy across
jurisdictions, consumption-based instruments are being considered as complementary or alterna-
tive measures.However, information on the carbon emissions incurred along transnational supply
chains before the act of consumption can be hard to get by. The next section outlines initiatives
providing such information, often in response to consumer concerns, before turning to public
policy instruments countering carbon leakage in Section 4.

3. CONSUMERS, COMPANIES, AND INFORMATION: PRODUCT
AND CORPORATE CARBON FOOTPRINTING

3.1. Consumption Perspectives

Most government mitigation policy to date has focused on GHG-emitting or energy-using instal-
lations or devices but has otherwise neglected the carbon emissions that are generated throughout
supply chains before a product gets consumed.A purely consumption-oriented approach has a the-
oretical advantage of avoiding any carbon leakage: Whether consumers avoid an emitting activity
or purchase, shift to cleaner alternatives, or preferentially purchase improved (e.g., lower GHG-
emitting) versions of the same products is in principle blind to the country of origin (43, chapter 5
and supplementary material). Moreover, the importance of demand as a source of technological
change, and particularly as a source of innovation in energy, is well documented in the literature
(47), suggesting the potential for consumption-based policies to develop markets for low-carbon
alternatives driving down carbon footprints globally.
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Most GHG-intensive production activities are classic second-domain decisions, driven mainly
by economic criteria in which relative prices are a crucial factor. By contrast, many consumption
choices related to energy and final goods are first domain in character, based on habits, behavioral
norms, and biases and potentially much influenced by noneconomic factors (29, 48). From a con-
sumption angle, therefore, a much wider range of motivations and instruments can be considered.
One review (6) identified more than 30 different consumption-based instruments with potential
impacts through the supply chain, divided into four main categories: informational instruments
supporting private initiatives, regulatory/administrative, economic, and infrastructural. The re-
cent IPCC mitigation report (48) examines in more depth consumption-oriented measures along
with the emerging evidence around their effectiveness.

A full review is beyond the scope of this article, but a key point of connection concerns in-
formation. Whether influencing consumption choices or implementing policy and governance,
measures that seek to directly target the carbon embodied in products require information about
their carbon footprints. This section looks at emerging private and relevant public policy efforts,
including motivations for carbon disclosure and how product carbon footprinting links to sectoral
and firm-level carbon reporting.

3.2. Product Carbon Footprinting

GHG emissions can be added along the supply chain to calculate the carbon footprint or embod-
ied emissions of a product (1, 49). Policies targeting the carbon footprints of specific products
require considerable technological, administrative, and coordinative capacities. Methodologies
have been increasingly refined and standardized to improve the comparability of results between
different methodologies and data sources. Improvements make it easier to develop high-quality
environmental labels (50). Internationally agreed standards for PCFs [International Organization
for Standardization (ISO) 14067:2018] (51–54) and EPDs (ISO 14025:2005) (51–53, 55, 56) al-
ready provide common, albeit imperfect, bases for the certification of embodied emissions. EPDs
communicate the results of life cycle assessments (LCAs) of the overall environmental impacts
associated with the production of a product, whereas PCFs focus on GHG emissions.

For policy instruments to successfully build on product carbon footprinting, rigorous standards
must ensure robust embodied emission assessments (57). Product Category Rules (PCRs) specify
key parameters for the LCAs underlying PCFs or EPDs. However, PCRs vary considerably in
terms of data sources, modeling assumptions, and subsequent assessment outcomes, even in the
relatively simple and short supply chains of construction products (58). The lack of coordination
between PCR creators limits the comparability of PCFs and EPDs. Various actors engage in the
creation of PCRs, ranging from material-specific trade associations to dedicated institutes for
EPD creation and standardization agencies to public authorities (59). Carbon labels have received
more attention in the social science literature than EPDs (56, 60). Bibliometric studies suggest
that labels purely focusing on carbon have proliferated mainly in the food retail sector, where
consumer visibility is high (61, 62). By contrast, EPDs have been adopted in particular by the
basic materials sectors (63, 64) such as steel and cement, and are therefore very relevant, e.g., in
construction, including city/public procurement and some manufacturing (e.g., vehicles).

The construction sector has seen themost significant institutional use of such information. Pri-
vate sector activity has been an important driver for the diffusion of EPDs and PCFs, for instance
in the form of private sustainable building certification schemes, which often provide incentives
for procuring products that come with EPDs (55, 63).

While EPDs and PCFs are ostensibly private measures, public policy has significantly con-
tributed to their emergence and diffusion. In terms of informational push, in Europe a range of
policies have created incentives for industry associations to engage in the collection and sharing of
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data on environmental performance (64). In terms of informational pull, in some instances govern-
ments have incentivized the adoption of private sustainable building certifications or have closely
collaborated with private certification schemes to develop their own schemes (for example BNB
in Germany and Code for Sustainable Homes in the United Kingdom). The State of California
has started to draw on EPDs for its public procurement decisions (see Section 4.2). Asian coun-
tries have also come out with PCFs, EPDs, and PCRs, notably Japan, South Korea, and Taiwan
(65).

3.3. Links Between Corporate and Product Carbon Footprinting

Data generated by firm-level environmental reporting may help to inform product-level environ-
mental footprinting (50). While there are clear limitations to the direct rescoping of data from
the firm to the product level, there is a significant functional overlap in terms of skills and infra-
structure, such as environmental reporting systems, indicating how greater firm-level reporting
can help with environmental footprinting of products.

The GHG Protocol (66), an industry standard, helps in measuring and managing the carbon
footprint of a company from its operation and across the value chain by facilitating GHG emission
calculation. The carbon footprint is calculated from emissions directly controlled by a company
(Scope 1), from the indirect emissions associated with its use of energy carriers (mainly, elec-
tricity) (Scope 2), and the carbon footprint attributed to other inputs in the value chain, such as
energy-intensive materials (Scope 3). Scope 3 can also include downstream emissions, e.g., from
the transport, use, or disposal of products (67).

While calculating Scope 1 and 2 emissions is relatively easy, a plethora of challenges crop up
in estimating Scope 3 emissions that are embodied in the supply chain. Some of these hurdles
include lack of transparency in the supply chain, absence of direct links with suppliers, complex
accounting principles due to multiplicity of intermediate production steps (68) and ambiguity
in industry standards (69), and variation in interpretation of Scope 3 categories and boundaries
among players (70) leading to reporting inconsistencies.

In view of these challenges and complexities, corporations tend to focus their efforts on mea-
suring, reporting, and reducing Scope 1 and 2 emissions (68). Yet a major rationale of corporate
carbon footprinting is to assess the carbon exposure of a corporation for which it is critical to en-
sure that all three scopes are accurately calculated (71). Supply chain emissions disclosure remains
voluntary, and results are often unverified (70).

Nevertheless, the increasing adoption of Scope 3 emissions reporting leads to a stronger align-
ment between firm- and product-level reporting, as both draw on the same set of databases for
default values (64). PCFs typically comprise a combination of specifically measured and generic
values, whereas Scope 3 reporting mostly uses generic values. The GHG Protocol website sug-
gests that the same third-party databases may allow users to collect data for both product life cycle
and corporate value chain GHG inventories (72), with corresponding business value in developing
both inventories in parallel (73).While EPDs and PCFs are currently rather static documents, in
the future improved real-time communication along supply chains could help dynamically update
them (74), bringing Scope 3 emissions accounting and carbon labeling even closer together.

The pull factors that drive calculations of the corporate carbon footprint for more proactive
companies include the sustainability imperative (75) and the potential to gain competitive advan-
tage through product and business model innovation (76). The following push factors (77) nudge
corporations to measure and control their carbon footprint:

� pressure from stakeholders and shareholders,
� anticipated regulatory and liability risk,
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� concerns for reputation and brand image, and
� concerns for rising energy prices and energy security.

All these factors, if left unattended, can potentially hamper the value creation process of a cor-
poration and have serious financial implications. Therefore, carbon footprinting also provides a
metric of the transition risk that companies are facing in the supply chains (69). In this context, in
2015 the Financial Stability Board created the Task Force on Climate-Related Financial Disclo-
sures (TCFD) to develop consistent climate-related financial risk disclosures for use by companies,
banks, and investors. The Task Force’s recommendations cover four key thematic areas, namely
governance, strategy, risk management, and deciding on metrics and targets (78). Many of the
TCFD recommendations were included in a 2022 regulation proposed by the U.S. Securities and
Exchange Commission (79).

More than 800 companies have taken up commitments to reduce carbon emissions following
the Science Based Targets initiative (68). The pursuit of science-based targets relies on credible
measurements of corporate emissions, ideally across all scopes. Such corporate measurements are
likely to improve the conditions for product-level footprinting in terms of available skills, insti-
tutions, and infrastructures. More widespread and credible product carbon footprinting allows
for a greater repertoire of public policy instruments for tackling embodied emissions and carbon
leakage, to which the following sections turn.

4. INCORPORATING CONSUMPTION AND LEAKAGE CONCERNS
INTO PRICING AND REGULATORY INSTRUMENTS

Carbon pricing, emission standards, and subsidies are the key elements of public policy approaches
to drive emission reductions across sectors (6). Traditionally, carbon leakage is discussed primarily
in the context of carbon pricing. Exemptions and free allocations to shield industry from carbon
pricing deter leakage but weaken incentives for the development and uptake of low-carbon tech-
nologies or practices. Transforming these sectors to carbon neutrality requires a more joined-up
perspective combining multiple instruments while addressing potential leakage, without losing
relevant incentives at different stages of the value chain from production to final consumption.

Key constraints for climate policies targeting heavily traded products arise from potential in-
ternational repercussions, especially from incompatibilities with international trade law. The de-
tails rapidly get complex (80), but there are two relatively simple founding principles. First, such
measures should not discriminate between imported and domestically produced products (i.e., na-
tional treatment): If they are considered like products, they should be treated as such. Second, a
measure should not discriminate between trading partners (i.e., most-favored nation treatment).
This means that like products are treated alike, irrespective of their origins.

Measures that violate these core rules of international trade law, such as overt decisions about
who to trade with, may still be upheld if they are taken for legitimate public policy objectives and
if they are applied in a way that does not lead to arbitrary or unjustified discrimination, or consti-
tute a disguised restriction on trade. Correspondingly, measures for decarbonizing industries can
be divided into two broad categories: those that at least attempt to respect these broad principles
and those that do not (like some of the proposals for carbon pricing clubs with sanctions against
nonmembers, indicated in Section 6). This section discusses approaches that seek to tackle car-
bon leakage within these broad principles of international trade law.We first discuss approaches to
countering carbon leakage in carbon pricing systems, then consider other approaches, namely em-
bodied carbon product standards, green public procurement (GPP), and low-carbon-technology
subsidies, and conclude with a look at complementary uses of these various policy instruments and
sequencing issues.
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4.1. Carbon Pricing Approaches

Carbon pricing matters especially for basic materials and commodities where their high energy
cost share (Figure 4) and a huge diversity of final products and processes complicate the use
of standards, making price an ideal broad-based incentive. Here we show that there are more
approaches to price carbon while tackling leakage than generally appreciated; however, all have
important complications.

4.1.1. Exemptions and free allowances. The dominant measure to avoid carbon leakage is
simple in conception: For the exposed sectors, carbon costs can be reduced by exemptions (from
carbon taxation), free allocation of emission allowances (in cap-and-trade systems), or compensa-
tion (for indirect carbon costs in electricity). These approaches enhance the political feasibility of
carbon pricing because they avoid confronting highly mobilized producer groups who highlight
the risk of carbon leakage as well as economic losses (81). However, they have many drawbacks.

In the case of free allocation, there is an inherent trade-off around how allowances are given
out, with battles over multiple options.4 In practice, systems have tended to move to output-based
allocation—a benchmark value (e.g., tCO2 per tonne of steel produced) times the output.Output-
based free allocation works precisely because it takes most of the carbon price out of the product:
The carbon cost of producingmore is offset by the value of the additional free allowances obtained.
Thus, the cost pass-through from upstream (supply) to downstream (product) is avoided.

This approach largely prevents leakage, by shielding producers from the full carbon cost and
by avoiding carbon cost pass-through to export prices or a charge on the emissions from imports
(Figure 6). Modeling studies show that output-based free allocation protects against leakage (83),
a conclusion reinforced by the absence of observed carbon leakage (84) (Section 2.3).

The major downside of this approach is that it severely weakens incentives for efficient domes-
tic production. As illustrated in Figure 6, although producers have incentives to make incremental
carbon efficiency improvements to meet the benchmark, without carbon costs reflected in mate-
rial prices, output-based allocation negates any economic incentive for efficient material use (85)
and thus raises the overall cost for any given goal.5 The IPCC (48) identifies efficient materials
use, and substitution of high- by low-carbon materials, as potentially major and low-cost ways to
cut industrial emissions. Free allocation forgoes auction revenues that could be used, for example,
to cover investments in climate-neutral production processes and their incremental operational
costs or offset distributional impacts. Moreover, it involves complex issues and trade-offs around
the number and level of benchmarks (84).

Another downside is that by offering value in an uncertain world, free allowances create huge
incentives for industry to lobby in favor of generous allocations on the basis of optimistic projec-
tions of output and exaggerated difficulty of cutting emissions, which has in practice frequently

4Grandfathering allowances on the basis of recent emissions creates a perverse incentive: the more a source
emits, the more allowances it may receive. Giving fixed amounts based on a benchmark (intensity, per unit
output) performance is much better, but may not forestall leakage; companies could replace their output by
imports and cash in surplus allowances. Some earlier phases of the EU ETS attempted to forestall this by only
offering allowances if plants’ output exceeded a certain threshold. In the cement sector, this resulted in the
remarkable feat of reversed leakage, with domestic production being maintained, even for export, to secure
the allowances at the threshold (82).
5Modeling for the Carbon Trust estimated that moving to output-based free allocation in cement, steel, and
aluminum would increase the carbon price by approximately 30%, compared to full auctioning, whereas using
border adjustments (border carbon-cost leveling) to tackle leakage would increase the carbon price by less
than 10% (86).
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for efficient
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efficient
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Desired carbon price level
Misaligned carbon price level

Free allocation,
low-cost

pass-through

Imports

Foreign
production

Figure 6

Free allocation/exemptions: incentives and misalignments (compared to from full carbon cost internalization). Carbon pricing with
benchmarked thresholds (e.g., free allowance allocation or similar exemptions below a threshold) creates some incentives to improve
existing production processes (within a given benchmarked category) and can largely avoid leakage, but gives little incentive (or
revenues) for deeper innovation and mutes any downstream incentives for efficient material use and recycling.

resulted in large windfall profits (87), potentially even deterring abatement (88). Internationally,
questions have been raised about whether free allocation is an actionable subsidy under World
Trade Organization (WTO) law (89, 90); however, no complaints have been brought before the
WTO.

Thus, free allocation is neither simple—as demonstrated by the tortuous evolution and end-
less negotiations of allocation approaches in the EU ETS (46) and other systems—nor free. It is
actually very costly and makes it much harder or even impossible to achieve the objective of deep
decarbonization.

These drawbacks have underpinned the search for alternative and complementary measures.
The rest of this section outlines three broad options beyond exemptions and free allocation: BCAs,
carbon footprint charges, and climate excise duties, to contribute downstream incentives (and
revenues). All of these could, in principle, create incentives for efficient material choice, use, and
recycling and also generate revenue for low-carbon innovation and infrastructure (91, 92). They
do, however, face varied challenges in implementation and differ in the relative balance between
production and consumption-based incentives, international implications, and the degree to which
they are relatively blunt but easy to administer or more precise and data-intensive.

The following subsections organize the options in terms of where they focus the price incen-
tive: (a) at the point of production or import (BCAs), to flow downstream; (b) at the point of final
consumption (consumption charge), aiming to leverage upstream decisions; or (c) separation of
the incentives between point of production and a direct charge on the use of carbon-intensive
materials.

4.1.2. Border carbon adjustments. BCAs seek to level the carbon price paid between goods
produced domestically and abroad. Imported goods from other countries are subject to a carbon
price at the same level as domestically produced goods (assuming no carbon price is already paid)
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Figure 7

Full carbon pricing with border adjustments: incentives and misalignments. Full carbon pricing, e.g., with auctioned allowances, or no
thresholds for taxation, in a closed economy creates full incentives for improving existing production and would encourage innovation.
Applying similar carbon charges to imported materials also facilitates cost pass-through, with incentives for efficient use of materials.
However, WTO constraints largely preclude export rebates, so applying full carbon costs would harm exports (export carbon leakage).
Abbreviations: BCA, border carbon adjustment; WTO,World Trade Organization.

(Figure 7). BCAs could take on the form of a tax, a tariff, or an obligation to procure emissions
permits (80). Theoretically, a BCA would tackle carbon leakage insofar as it symmetrically charges
importers and rebates exporters, thereby ensuring that carbon prices paid in domestic production
would not be undercut by producers elsewhere avoiding these costs. This would render obsolete
the rationale for free allocation of emissions permits to products that are sold to the domestic
market, enabling full auctioning, and this full carbon price would be passed through, offering in-
centives for all mitigation options. Variations include treatments of imports versus exports, use
of benchmarks versus full-chain accounting, use of domestic emission intensities applied to im-
ports (93), and treatment of electricity (as also modeled in 86, which recommended sector-specific
variations in design).

Analyses of theWTO compatibility of BCAs (80, 94–99) suggest that it can in principle be de-
signed and implemented in accordance with international trade law, but the details would matter
and differ from the elegant theoretical solution with full symmetry. To be unequivocally compat-
ible with international trade law, BCAs would need to have a clear environmental rationale (i.e.,
reduce carbon leakage), exclude export rebates, account for the mitigation efforts and costs by
other countries, and provide for fairness and due process in the design and implementation. Stud-
ies show considerable loss in effectiveness and efficiency with large deviations from a theoretically
sound to a WTO-compatible BCA design (100).

A key problem arises in relation to exports. Exempting exporters from carbon pricing through
rebates could constitute a prohibited subsidy under theWTOAgreement on Subsidies and Coun-
tervailing Measures (ASCM), and undermine the environmental defense of a measure (80).With-
out rebates, however, they would be disadvantaged in export markets (Figure 7) and lose market
share, leading to leakage (83). A meta-analysis (101) finds that without such export rebates, even
at a carbon price of €30/t, approximately 10% of EU exports would face significant cost increases
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and leakage risk (80, 91). This would make it politically challenging to move to full auctioning. If
some exemptions or free allocation continue to address this, incentives for efficient material pro-
duction will be compromised. Even if export rebates were allowed, it would create an incentive
to reshuffle within a product or material category; i.e., businesses would sell products made with
low-carbon footprints—diverting, in jurisdictions with such incentives, high-carbon outputs to
countries that do not assess and price the carbon content of imports (98, 102, 103). The extent to
which this is a problem would vary according to the flexibility of specific markets and supply chain
relationships, and also whether one views such policies purely statically or as part of an evolving
system in which such consumption-based incentives are expected to spread. These issues are of
limited relevance for countries without significant exports (100, 104).

Choices on benchmarked versus actual embodied emissions to calculate the adjustment matter
(see Section 4.3) and bring complex implications and diverse views about the impact on com-
patibility with WTO principles (80). An underlying conceptual issue concerns whether varying
emissions in producing a product mean that it can no longer be treated as a like product under
WTO rules and, if so, how the rules or benchmarks applied to domestic producers can be repli-
cated or mimicked for imports.

Another challenge for BCAs is whether any carbon costs have already been paid along the
value chain before the product entered the country applying the BCA: If export rebates are
not possible, any carbon price already paid in countries of origin would need to be taken into
account to avoid a situation akin to double taxation. An additional complication arises from the
cost impact of nonpricing policies, and whether—and, if so, how—to credit them.

In July 2021, the European Commission proposed gradually phasing in a Carbon Border Ad-
justment Mechanism (CBAM) while phasing out free allocation by 2035, focused on electricity,
cement, certain fertilizers, basic iron, steel, and aluminum products. The CBAM would oblige
importers to buy carbon import certificates at the same cost as EU ETS allowances, based on ac-
tual verified emissions of the imported goods in question. Evidence of carbon prices already paid
abroad would result in a corresponding reduction in the number of required certificates. No ex-
port rebates are envisaged in the original proposal, although the European Parliament has signaled
its preference to include them. The proposal is limited to direct (Scope 1) emissions but already
requires disclosure of indirect (mainly electricity-related, Scope 2) emissions, in anticipation of
potentially including them (105).

In June 2022, a bill (S.4355) was introduced into the U.S. Senate that would establish declining
emission benchmarks for carbon-intensive products along with a rising carbon fee for emissions
above the benchmark, applied to both domestic- and foreign-produced products [similar to what
Kopp et al. (106) propose]. Domestically, in addition to products, there are also proposals address-
ing carbon leakage in the electricity sector, with a subnational BCA already established in the state
of California (107).

Although it remains to be seen whether BCAs or other measures targeting embodied emis-
sions to tackle carbon leakage will be challenged under WTO law, other measures targeting the
emissions from production processes taking place outside of the regulating country have been
challenged, as exemplified by Indonesia and Malaysia’s challenges of the EU’s biofuel sustainabil-
ity criteria (108).

4.1.3. Carbon footprint consumption charge (and personal carbon allowances). The risk
that rebating carbon costs on exported goods may violate WTO law—notwithstanding that EU
exports in aggregate are cleaner than the goods they displace (see Section 2.1)—presents a substan-
tial domestic political problem for the EU’s CBAM proposal. This and some other international
challenges arise from pricing emissions at source of production. Aside from free allocation and
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Figure 8

Consumption charge/personal allowances: incentives and misalignments: Applying a carbon embodied charge to final consumer goods,
requiring verified full supply chain accounting through to consumer products, in principle creates incentives for producers (including of
imported goods) to improve carbon efficiency or shift to cleaner alternatives for the domestic market, but not for exported materials or
products (red bar).

BCAs, other options emerge if the focus moves away from purely production measures with state
boundaries, to consider options at different stages of the overall supply chains.

In principle, a radical alternative could place a charge at the opposite end of supply chains,
charging the consumption of emissions based on carbon footprints. Proposals for a consumption
charge involve tracing emissions along the value chain, and then placing a charge at each point
of consumption of the goods in question (109). Domestically and internationally produced mate-
rials and products are treated equally; hence, carbon leakage concerns are avoided (Figure 8).

A consumption charge based on actual emissions would have the biggest effect, transmit-
ting the price signal through the value chain, providing incentives for efficient production in
upstream and intermediate segments, and incentivizing exporting jurisdictions to shift toward
low-carbon products and pathways (110). However, tracing the actual embodied emissions along
global value chains for innumerable final products requires enormous administrative efforts and
coordination to ensure a high level of quality while minimizing the risk of fraud (98, 103) (see
Section 3). The same problems—and more—would apply to earlier proposals for personal trade-
able carbon allowances, though it has been recently argued that AI may substantially ease such
problems (111). Ultimately, however, challenges relating to monitoring and verification along
value chains in third countries for domestic fiscal use remain. Shortcuts based on default values
for different product categories might be feasible to calculate consumption charges (105, 112), but
would need to be applied to imports and domestically made goods equally, to align with interna-
tional trade law—so this would not resolve border-related complexities.

A consumption charge in theory seems close to an economic ideal and could generate con-
siderable resources, but the practical and political obstacles appear formidable (6). In addition to
the high administrative complexity is the observation that most final consumer decisions involve
first-domain decision-making, determined by many factors other than price alone, while that car-
bon price would itself be highly diluted at the point of final consumption (Section 2.2). However,
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Figure 9

Climate excise contribution: incentives and misalignments. The climate excise contribution, like other excise charges, would be levied
symmetrically on domestic production and imports (but not due for exported materials), creating incentives for efficient use of
carbon-intensive materials and products. Combined with an ETS with free allocation (Figure 6), it would retain those incentives for
improved production, while generating finance that could be used to support emerging low-carbon investment or other climate-related
measures. Abbreviations: CCfDs, carbon contracts for difference; ETS, Emissions Trading System.

consumption charges (and, to a lesser extent, BCAs) which involve full carbon footprints also
create upstream incentives on producers to minimize both carbon costs and reported embodied
emissions (110).

4.1.4. A climate excise contribution complementing point-of-emissions carbon pricing. A
recent proposal in Europe would apply a climate excise contribution to carbon-intensive products,
most notably to materials. This would apply to both the production and import of basic materials
(also as part of products) in proportion to the weight of the material (e.g., steel) multiplied by a
domestic carbon price and a default emissions factor.This being applied irrespective of production
process or location avoids discriminating between domestic and foreign products based on their
carbon intensity and hence addresses carbon leakage while avoiding WTO concerns (113, 114)
(Figure 9). The climate excise contribution restores the carbon price throughout the value chain
and provides incentive for efficient material use, substitution, and recycling in manufacturing and
construction activities as well as final consumption.

In essence, this would make it legally analogous to existing excise duties already imposed in
many countries, for example on gasoline, alcohol, and tobacco—none of which, of course, ex-
empt imported goods from paying the charges (112). Being anchored in the established legal and
customs basis of other excise duties, it could piggyback on existing legal and administrative infra-
structure. Using a default emission factor irrespective of the production process simplifies imple-
mentation. Cleaner producers nonetheless benefit from revenues being recycled back to fund the
incremental costs of climate-neutral production domestically.6

6The general principles of excise duties would imply applying the charge equally to clean or dirty products in
the same materials category (115). The use of revenues would thus be important to support novel production
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Figure 10

Variations in the scope of measures targeting carbon leakage.

While a climate excise contribution could be levied as standalone, it would be most effective as
a measure to restore the carbon price downstream in combination with carbon pricing upstream
(83, 116). Specifically, implementing the contribution jointly with a benchmarked output-based
allocation in an ETS ensures incentives for cleaner production, (83, 116) while avoiding export
leakage (Figure 9). The free allocation in this setting avoids double charging from the upstream
pricing and climate excise contribution, and thus provides an economic andWTO-consistent ba-
sis for the free allocation. The revenues from the climate excise contribution can be earmarked for
upstream support of decarbonization, for example with CCfDs for clean production (117).While
this combination simultaneously provides effective incentives for a domestic transition to climate
neutrality and avoids carbon leakage risks, it does not directly influence production or policy deci-
sions beyond the border like the traditional BCA approach: It neither penalizes dirty nor rewards
clean production abroad.Moreover, it would not incentivize third countries to implement carbon
pricing. The climate excise contribution approach thus lends itself to cooperative approaches to
international climate governance, offering a policy example but not requiring early coordination
on carbon pricing levels to address carbon leakage risks. Thus, cooperation can focus on other
instruments (sustainable finance, labeling, product standards, cooperative innovation). Some of
the revenue could be used to support an inclusive transition to carbon neutrality in developing
countries (Section 5).

4.1.5. Overview of three carbon-pricing options. These three broad approaches to tackle car-
bon leakage via pricing mechanisms vary in potential scope (Figure 10), and the key components
and points of incidence in supply chains (Figure 11). They also involve different trade-offs in
terms of administrative complexity, possible ambiguities in relation to international trade law, eq-
uity aspects, and overall environmental effectiveness, all of which also can affect political feasibility.
Table 1 indicates some of the relevant characteristics that affect impact and political feasibility.

Finally, one key question, which in part spans all approaches but also differentiates them, con-
cerns the extent to which they can rely on default benchmark values or require data on actual
carbon footprints of individual goods, in order to be effective or comply with international law

methods. In the EU, individual Member States (e.g., France, Germany, and the Netherlands) as well as the
European Commission are planning to fund incremental costs of climate-neutral production processes with
so-called carbon contracts for difference (CCfDs) (see next section).
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Figure 11

Key components and points of incidence in the supply chain of three prominent proposals for addressing carbon leakage via pricing
mechanisms. Abbreviation: CBAM, Carbon Border Adjustment Mechanism.

or to be considered equitable, acceptable, and feasible. We return to this question in Section 4.3
after discussing nonprice instruments, for which some similar questions arise.

4.2. Complementary Policies for Industrial Transition

Embodied carbon standards, green public procurement, and green subsidies can ideally comple-
ment carbon pricing instruments, but can also be adopted in lieu of them, in order to drive the
net zero industrial transition. In the following, we discuss each of these complementary policies.

4.2.1. Embodied carbon standards. A modest but growing literature examines instruments
beyondmarket-based carbon prices,which can contribute to low-carbon solutions and innovation,
particularly frommaterials production and consumption, while addressing concerns about carbon
leakage.

Product standards on intermediate or final goods can focus on a variety of objectives including
the carbon efficiency of materials, the life cycle emissions of final products, and the recyclability
of products. First, standards on the embodied emissions in basic materials can take the shape
of minimum performance standards for materials sourced from production processes, excluding
those exceeding a certain carbon intensity threshold (118). Such standards could help accelerate
the phasing out of the most inefficient, polluting plants such as, for example, inefficient wet kilns
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Table 1 Key characteristics of three different pricing approaches addressing carbon consumption and leakage concerns

Border carbon
adjustment

Carbon consumption
charge

Climate excise
contribution

Point of application Direct emissions and point
of import

Final consumption Production and import

Relation to upstream
carbon pricing

Complement (to a carbon
tax, or ETS with
auctioning)

Alternative Complement (e.g., to
carbon tax or ETS with
free allocation)

Requires phasing out of
free allocation

Yes Yes No

Carbon leakage risks Remains if coverage of
value chain limited, and
export leakage not
covered

No No

Incentives for exporters to
mitigate carbon
emissions

Yes, if export rebate not
possible

No Yes, if complementary to an
upstream cleaner
production incentive
(e.g., ETS with free
allocation)

Resource shuffling
concerns

Yes, as use of default values
would be limited

Yes, as long as not entirely reliant
on default values (which would
not seem desirable)

Not as long as limited to the
use of default values

Abbreviation: ETS, Emissions Trading System.

for cement clinker production. In sectors with less clear technology differentiation, it will be more
difficult to define, apply, and monitor suitable standards.

Second, governments can set standards mandating outright maximum limits for embodied
or overall life cycle emissions of final products, such as buildings or cars. Finland, France, the
Netherlands, and Sweden have all adopted or announced such policies for buildings; the Dutch
policy goes beyond carbon and comprises an environmental LCA for 11 impact categories,
including embodied carbon.7 In their footsteps, the European Commission is seeking to revise
the EU’s Energy Performance of Buildings Directive to begin introducing mandatory calculation
and disclosure of full life cycle carbon emissions for all new buildings in the EU by 2027 (130).

Carbon-intensity standards for different kinds of intermediate or final industrial products can
provide incentives for the adoption of carbon labels in the form of PCFs and EPDs, which would
help to prepare industry to have the data ready to comply with BCAs (74); they may also offer an
alternative to BCAs, applied at the point of putting a product on the market, rather than at the
border. Carbon intensity standards for intermediate products are likely to partially duplicate the

7In 2018, theDutch government introduced such a policy for all new homes and offices over 100m2 (119–121).
France and Finland have announced similar policies, starting in 2022 and 2025, respectively, with mandatory
life cycle calculations preparing the way for the eventual introduction of emissions reduction targets (122–
125). As of January 1, 2022, Sweden requires developers to measure and declare embodied emissions; limit
values for the climate impact may be introduced later (8). In 2021, Denmark introduced targets for whole
life carbon in buildings 1,000 m2 to limit emissions to 12 kg CO2e/m2/year, with a tightening of limit values
every other year until 2029 (4, 126). The Dutch policy on environmental LCA requires impact assessment
for 11 impact categories, including embodied carbon, with each impact category converted into a currency
value. The cap for overall environmental life cycle impacts is set at €1/m2/year (75 years for residential, 50 for
offices), with embodied carbon weighted at €50/tCO2e (127–129).
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incentives under emissions trading systems, but in lieu of BCAs, they could partially address carbon
leakage concerns. Such standards could also help to induce more robust carbon certification and
verification regimes, and where there is no carbon pricing scheme, such as at the federal level in the
United States, embodied carbon standards could be a standalone measure for mitigation without
carbon leakage. Finally, carbon intensity standards could complement BCAs by setting stronger
incentives than a carbon price in selected sectors or product categories. Targeted subsidies and
standards have a track record of creating lead product markets by supporting innovation and the
emergence of new industries (47).

Rather than settingmaximum carbon intensity standards, one could use embodied or whole life
cycle emissions to define thresholds as a basis for specifying different taxation classes, analogous
to the way many countries already use operational CO2 emissions intensity to determine vehicle
tax rates (131–134). In this instance, standard-setting and pricing instruments overlap. In all these
instances, such product standards would not only steer domestic construction and manufacturing
industry toward low-carbon or climate-neutral products and processes but also create incentives
for emissions reductions in industries abroad that wish to sell into this market.

Standards within a product class primarily induce substitution between different products
within that class. It can also foster more transformative, interproduct substitution—a feature usu-
ally more associated with a carbon price. For example, if only green steel was permitted but it was
highly expensive, demand for reinforced-timber construction would rise.

Intermediate and final product standards could be combined to eliminate the most polluting
products within a category from the market and, at the same time, incentivize the innovative
substitution between intermediate products at the level of final products, such as buildings or
vehicles (135)—a combination that could induce more radical innovation.

Product standards also share the advantageous property with excise levies that they can be
adopted at smaller governmental levels “behind the border,” without necessarily needing coordi-
nation with higher governmental levels. By contrast, the introduction of BCAs would need to be
aligned at the level at which trade policy is decided.

4.2.2. Green public procurement. GPP uses state purchasing power to boost market demand
for products with low embodied or whole life cycle emissions. As government procurement is
responsible for large shares of infrastructure investment, buildings, and industrial goods, it can
be used to deliver the objectives of typical demand-side policies. This can create early niches
with the potential to develop into lead markets (136) and early signals for broader policy agendas.
It can also help to prepare regulatory or fiscal action by already discerning among more or less
carbon intensive products, thus helping to create demand for information on embodied or whole
life cycle emissions.

GPP may focus on intermediate or downstream products. The Buy Clean California Act ap-
proved in October 2017 is an example. Partly to help ameliorate concerns about carbon leakage
from the Californian ETS, it requires that the state only procures building materials below spec-
ified global warming potential (GWP) levels, verified by means of EPDs (60) (Section 3), an ex-
ample subsequently followed by the State of Colorado.8 As of 2022, the Biden administration is
exploring the adoption of the approach at the US federal level (141).

8Throughout 2021, the maximum acceptable GWP limits in California were established and the awarding
authorities started to refer to EPDs to gauge the GWP compliance of relevant materials (137). The State of
Colorado (138) adopted its own Buy Clean legislation, House Bill 21–1303, Concerning Measures to Limit the
Global Warming Potential for Certain Materials Used in Public Projects, and, in Connection Therewith, Making an
Appropriation (139, 140).
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GPP can also focus on final downstream products, such as buildings. For example, in Germany
and Switzerland governments use sustainable building rating systems or carbon performance tar-
gets to incorporate LCAs into their procurement criteria (119, 136).

4.2.3. Subsidies. Unlike in electricity, zero-carbon technologies for materials and many basic
chemical processes are not yet commercially viable. Due to the enormous costs involved in the
development and upscaling of carbon-neutral material alternatives, such as green hydrogen steel,
incrementally rising but relatively low carbon prices by themselves do not provide sufficient incen-
tives, or confidence, for their development. Standards banning carbon-intensive products or those
that are not carbon neutral are ideally introduced once a sufficient volume of preferred products
is on the marketplace.

Therefore, subsidies—for both production and lead markets—play a crucial role in the devel-
opment of niche and early lead markets, akin to the development of solar and wind energy in-
dustries. Such subsidies can also have important links with pricing instruments. Examples include
the set-aside provisions in the EU ETS, a prime source of funding for low-carbon industrial in-
novation, and growing attention to CCfDs, which guarantee a value for the carbon savings from
low-carbon industrial projects, relative to an assumed carbon price on incumbent, high-carbon
producers (142). To ensure compatibility with the WTO ASCM, payments should be limited to
incremental costs—the additional cost associated with the low-carbon technology (114).

4.3. Conclusions: Implementation Options and Interactions
in Open Economies

As indicated in Section 2.3, policies need to not only target the carbon intensity of production
(including through recycling) but also stimulate demand shifts toward cleaner primary commodi-
ties, and/or final consumption. As shown, both price and nonprice policies can address both these
dimensions. Nonprice instruments such as carbon intensity product standards can serve several
functions in relation to pricing instruments in open economies: As shown, they could be adopted
in preparation for the eventual phasing in of BCAs, in lieu of BCAs, or as a complement to BCAs.
In concluding, we consider two cross-cutting dimensions.

First, complementarities. The complexity of carbon pricing in relation to trade and leakage
concerns is one reason for policy mixes including regulatory instruments. But an underlying chal-
lenge is that the intellectual foundations of both carbon pricing and trade law rest in classical,
second-domain theories of economics and comparative advantage, whereas deep decarboniza-
tion inevitably involves third-domain processes of innovation and transition, which are dynamic
and necessarily involve public investment and technology direction, often supporting niches for
emerging clean technologies. The latest IPCC report underlined not only the general need for
policy packages (48) but,more specifically, the complementary roles of different instruments in the
course of transitions, often with the upfront need for significant strategic investment, and appro-
priate standards, to support the emergence of new technologies at scale (48) in order to combine
technology push and demand pull.

Specifically, subsidies to novel cleaner production can be complemented by early lead markets
throughGPP, standards, and also private consumer choices.The latter can be informed by product
labeling and carbon footprint tracing as explored in Section 3, which details how business asso-
ciations and individual companies have already developed information systems on product and
corporate footprints, before any government policies have required those (60, 64). The availabil-
ity of such product information offers an established blueprint for government policies to draw
on and thereby increase the technical feasibility of measures targeted at the emissions embodied
in products.
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Indeed, there are important public-private interactions thatmay foster both financial incentives
and strategic guidance for cleaner products, building and infrastructure design. As new technology
options are built up, various forms of carbon-related standards on materials and products could
start to bring these to scale and displace existing high-carbon technologies from the market. The
need to combine price and nonprice measures, and the unambiguous reality that different juris-
dictions differ enormously in their approach (or political capacity) to implement carbon pricing,
underlines the value of considering the three different broad approaches to carbon pricing in the
international context, as well as their potential interactions with nonprice measures.

Second, several aspects of choices around benchmarks versus full chain carbon footprinting
can—theoretically at least—apply across a range of price and complementary policy options.
Three options can be considered:

1. Fixed benchmarks, with economic incentive or regulation applied to the assumed average
emissions intensity of given materials or other product categories.

2. Full chain carbon footprint accounting, applied instead to the actual measured and reported
emissions incurred in making specific materials/products.

3. Default benchmarks with derogations for verified embodied emissions, in which a bench-
mark is assumed as default, but with the economic incentive or regulation adapted to reflect
actual embodied emissions if the supplying companies can demonstrate these were lower
than the benchmark.

A BCA that is exclusively based on fixed benchmark values (option 1, above), and does not
allow importers to challenge the default by demonstrating superior carbon efficiency (option 3),
would probably violate WTO principles by treating some imported products less favorably than
domestically produced products (143). This is unlikely to be an issue for consumption charges,
which requires option 2, or a climate excise contribution if using fixed values (option 1) for all like
products, e.g., steel. The latter sacrifices incentives for improved production within a product or
material category, unless complemented by an upstream incentive system (e.g., ETS) or equivalent
standards (Table 2).

Table 2 Summary issues on use of benchmark emission intensities versus actual embodied emission values

Fixed benchmark values
(e.g., assumed GHG per

tonne of steel)

Actual footprint values
(i.e., verified embodied

emissions for all products)

Default benchmark values with
derogations if verified

embodied emissions presented
Incentives to shift

production of specific
materials toward
low-carbon or climate-
neutral processes

No Yes, all production Yes, to improve market access for
production that is cleaner than
the default

Incentives for shuffling
high- and low-carbon
sets within classes of
materials

No Yes Yes, cleaner production targeted
at specific markets

Administrative effort for
tracing

Low High Restricted to cleaner production
applying for derogations

WTO compatibility Low, if coupled with a
carbon tax or ETS

High, if coupled with an
equivalent carbon tax or ETS

High, especially if benchmark
reflects high ambition

Abbreviations: ETS, European Union Emissions Trading System; GHG, greenhouse gas; WTO,World Trade Organization.
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Conversely, the use of actual embodied emission values would have the biggest effect but is an
enormous administrative challenge. It would most plausibly build on existing efforts to standard-
ize product carbon footprinting (e.g., PCFs and EPDs as discussed in Section 3), but the quality of
the procedures of the relevant certification agencies would need to significantly improve if they
were to become a solid foundation for transnational carbon pricing. Using actual embodied emis-
sions could prompt resource shuffling (Section 4.1.2).

Finally, and consistent with technical findings a decade earlier (86), important political econ-
omy arguments have recently emerged for taking a sector-by-sector approach rather than trying
to treat all of industry in the same way (144), which risks a lowest-common-denominator out-
come. Until there are clear and significant green technology options commercially available at
sufficient scale in material sectors, a blunt instrument like an excise charge would be most conve-
nient. Once zero-carbon products become available at scale, such as green hydrogen steel, public
procurement could start to exclusively procure such products, eventually leading up to embodied
carbon standards that phase out all nonclean products in a specific category.

5. DISTRIBUTIONAL AND EQUITY IMPLICATIONS AND OPTIONS

The challenge of tackling embodied emissions in trade is confronted with various temporal and
spatial inequities (see Section 2.3) (14, 25, 145–150). Among the range of climate-related policies,
BCAs and others relating to trade have turned out to be one of the most controversial, owing
among other things to their international equity and distributional implications.

5.1. Equity Concerns Related to Border Carbon Adjustments

Calls for BCAs are not new. The first such calls in industrialized countries can be traced back
to concerns about the lack of comparable climate commitments in developing countries and US
withdrawal from the Kyoto Protocol (151). The USWaxman-Markey bill, which sought to intro-
duce federal carbon pricing, included clauses that would have allowed the United States, after a
grace period, to take trade measures against other countries if they were evaluated as not having
taken “comparable action.” In other words, it left the question of which countries have assumed
their fair share up to US decision-makers, which is highly problematic in relation to basic WTO
principles (80), as well as in light of the UNFCCC principles on common but differentiated re-
sponsibilities and respective capabilities (80). The sentiment that rich countries might decide on
what constituted comparable action fed fears for years after that BCAs could or would be used
as discriminatory instruments of leverage and blurred the discourse even on nondiscriminatory
measures.

Since then, BCAs have been periodically discussed and deliberated in both policy and academic
circles (152). In terms of the focus of this article, and the three carbon-price-related options con-
sidered in Section 4, the equity concerns arise in three main forms.

The first is contextual, reflecting particularly issues around historical responsibility and inter-
generational equity. The argument is that BCAs and related measures are agnostic of the histori-
cal disadvantages and vulnerabilities that developing countries—and in particular least developed
countries—face from adverse climate impacts. These impacts are largely triggered by the growth
in stock of cumulativeGHGemissions due to the process of industrialization and fossil fuel–driven
growth in developed countries. It is hard to envisage what practical measures could apply directly
to past emissions, but the undercurrent of historical inequity is a major factor in some countries’
fundamental opposition to BCAs, almost irrespective of WTO compatibility or detailed design.

Second are the practical impacts (consequential). If designed and implemented appropriately,
BCAs could strengthen the environmental effectiveness of domestic measures (153), but as
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a consequence they would reduce consumption (and corresponding emissions) of imported
energy-intensive products (154, 155) and potentially extend incentives to give preference to
lower-carbon imports. Many studies indicate that such BCAs would shift the economic conse-
quences of emission reduction from abating industrialized countries to nonabating countries (93,
156–160). However, it is not easy to disentangle how much of this is due to the inevitable impact
of reducing carbon-intensive activities, as opposed to the impact of BCAs on specific trade flows,
and it does depend on where the revenues go.

In general, the modeling literature using computable general equilibrium models predicts
that BCAs reduce trade-related income to energy-intensive exporting countries in particular and
developing countries as a whole, alongside global emission reductions (51). To the extent that
trade shifts from more to less carbon-intensive exports (and countries), assuming this also means
from developing to developed countries, the trade terms of already disadvantaged countries would
potentially worsen. Several studies pertaining to the EU’s CBAM proposal (161–163) have found
that energy-intensive exporters, especially Russia and China, are likely to be adversely impacted
(159).9

Of course, the net economic effects of charges on embodied carbon flows also depend on who
receives the revenues. The same models show that carbon-intensive exporters overall could gain
if they implemented an export charge themselves, instead of it being levied by importing coun-
tries. However, exporting countries face an obvious coordination challenge: not wanting to risk
losing export volumes to competing exporters. The literature has yet to consider whether and how
the apparently declining gap between developed country production and consumption footprints
noted in Section 2.1 may affect this, especially insofar as it reflects converging emission intensities.

Finally, a concern in the context of the potential distributional implications of BCAs is that of
green protectionism (161, 164). This debate has revolved around allegations that industrialized
countries have on occasion invoked environmental policy measures as a means of limiting imports
from developing countries (51, 80).

5.2. Distributional Aspects of Alternative Options

Against the background of the numerous concerns about BCAs, as traditionally conceived, it is
useful to consider the distributional aspects of the other carbon pricing approaches outlined in
Section 4. To the extent that free allocation of emission allowances to domestic emitters has less
trade impact than BCAs, the trade and livelihood impacts on exporting countries (e.g., developing
and the least developed countries) would be less (80, 162). In that respect, free allocation could
be regarded as more economically benign than BCAs, but it has severe downsides, as discussed
in Section 4.1, such as undermining environmental incentives along the value chain, generating
windfall profits, and forgoing auction revenue.

Direct consumption charges would be inherently nondiscriminatory since domestic products
and imports are treated symmetrically. The equity and distributional implications would still de-
pend on their impact on imports from developing and least developed countries. As with other
measures, this would depend on the strength of application (price)—themore it reduces consump-
tion of carbon-intensive products in the implementing jurisdiction, the greater the likely impact
on trade partners as well (163), along with potential economic and livelihood implications.

The climate excise duty, as with other excise duties, would be nondiscriminatory between do-
mestically produced goods vis-à-vis imports, as the same duty would apply on a particular material,

9UNCTAD identifies the top seven countries whose exports to the EU are likely to be affected by CBAM as
Russia, China, Turkey, the United Kingdom, Ukraine, Korea, and India.
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irrespective of origin or production process. The main potential difficulty would be if multiple ju-
risdictions were pricing carbon in different ways, and some imported materials had already paid a
carbon price that was not faced by domestic producers. This, effectively double taxation, would be
affecting the relative competitiveness of imports vis-à-vis domestically produced materials. How-
ever, this has more to do with the level of free allocation, compared to other jurisdictions, rather
than the excise duty itself.

Key determinants of distributional impacts would concern the incidence of costs and distri-
bution of revenues. Aside from the (difficult) possibility of exporters themselves implementing
emissions charging (so collecting the revenues directly), in principle all three options involve im-
porters raising revenues, but the institutional and political characteristics differ. A “standard”BCA
would involve revenue collection at the border, the revenues from which could potentially be a
point of negotiation. Consumption charges might raise the most revenue if all emissions con-
sumption were charged, with the richest consumers (higher emitters) paying the most, but the
revenues would presumably be paid directly into Treasuries as part of tax collection, complicating
any redistributional discussion. A climate excise contribution by design includes use of the rev-
enue for promoting climate-neutral production, which might more overtly raise the question of
whether such revenue should be recycled not only to the implementing jurisdiction but extended
internationally—to affected trade partners, or to the most needy and vulnerable.

5.3. Sovereignty, Procedural, and Capacity Dimensions

Finally, beyond purely economic concerns, other dimensions are raised particularly by critical de-
sign choices between full-chain carbon accounting, pure benchmarks based on average carbon
intensity, and potential default values. As discussed in Section 4.3, measures to target embodied
emissions clearly could be more environmentally effective (in reducing embodied as well as na-
tional emissions) if they reflect actual carbon emissions through the supply chain. The ethical
underpinning would be that the consumers take responsibility for their full carbon footprint, and
pay for it. Conversely, however, this takes little account of differing energy, environmental, and
political circumstances that influence the mitigation capacity and capabilities (165).Mitigation ef-
forts are largely fragmented and vary not only in terms of the coverage but also with wide disparity
across nations (166). Charging for full supply chain emissions not only involves an administrative
burden to track emissions through supply chains but also carries an extraterritorial dimension that
could be construed as interfering with other countries’ national sovereignty, over and above the
commitments that countries make voluntarily under the Paris Agreement.

Conversely, the idea of pure benchmarks, as exemplified in the climate excise contribution,
treats imported and domestic products symmetrically in terms of not only geography but also
production process for a given product (e.g., steel)—not seeking to either charge or reward on
the basis of the emissions associated with how a given product is made. As noted in Section 4.3,
an intermediate stance could be to allow derogations for importers who demonstrate that the car-
bon footprint of their imported material or product is less than presumed default values.However,
the burden of such demonstration ultimately falls on the exporters, which may be easier for orga-
nized and registered large business entities compared to small or medium-sized enterprises in a
developing country (143).

When introducing measures addressing emissions embodied in trade, it is important to con-
sider the different circumstances of countries, in particular developing countries. From the per-
spective of the international climate regime, this would be in line with the principle of common
but differentiated responsibilities and respective capabilities. For WTO compatibility, moreover,
any measure to address embodied emissions should be applied with sufficient flexibility to take
into account the conditions prevailing in exporting jurisdictions (162).
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For instance, some developing countries may find it challenging to introduce mechanisms like
an ETS or carbon tax because of political or institutional constraints. However, they may be well
positioned to adopt other policies and programs that have clear climate and sustainability benefits
and are also befitting for their local circumstances and political realities. Hence, allowing for pol-
icy flexibility to these countries may provide room to them for maneuvering within their unique
constraints. Such flexibilities may also help in encouraging innovation, increase transparency and
trust, and spur competition between jurisdictions so that the effectiveness and equity concerns
could both be addressed (165).

Climate action in many developing countries, and particularly in the least developed coun-
tries, is constrained by availability of funds and appropriate technology at affordable prices. Ex-
isting multilateral efforts toward ensuring financial and technology support have been far from
adequate (161). In this context, introducing BCAs will be perceived as unfair by developing coun-
tries. To help address such concerns, BCAs should go hand-in-hand with strengthened financial,
technology transfer and capacity building support for such countries, based on an ethic of shared
responsibility between producers and consumers for embodied emissions (167). Alternatively, the
revenues could flow to the Green Climate Fund for further distribution.However, operationaliza-
tion of any such revenue recycling system may be complex, and the political will may be lacking,
as seen in the EU’s CBAM which has proposed utilization of the revenue for domestic public fi-
nance purposes alone (110). The ultimate dilemma is that while the distributional consequences
of BCAs and related measures are seen by many developing countries as inequitable, so too would
be the consequence of continuing to largely exempt energy-intensive industries from effective
mitigation measures.

6. CONCLUSIONS: MISSING PIECES IN A COMPLEX PUZZLE?

From its initial forays some 20 years ago, the literature on carbon consumption, leakage, and
trade has mushroomed. Developments in MRIO models and comparative studies between the
major databases indicate that at national level, trade data are not the major source of uncertainty
in embodied emissions, but there are important definitional issues particularly around account-
ing exports and investment. Notwithstanding these, it is established that aggregate North–South
outsourcing of emissions associated with globalization peaked around the mid-2000s and has de-
clined substantially since then, largely reflecting some convergence in carbon intensity between
regions (Section 2).

Along with globalization, private sector initiatives have become widespread, with well-
developed if still sometimes contested presentation of carbon footprint data for consumer products
and environmental performance declarations in supply chains (Section 3). Public policy, by con-
trast, has made little progress, with limited government interest in consumption-based accounting
and carbon pricing almost universally still accompanied by exemptions or free allocations for ex-
posed (EITE) sectors to forestall fear of carbon leakage, which leaves the empirical findings of
minimal leakage ambiguous. This review has illustrated a very rich academic literature covering
the technical data, modeling, economic and trade law dimensions of carbon consumption and
carbon leakage, and associated policy dimensions, which point to numerous issues and options
including relatively new proposals and variants (Section 4).

The contrast between all this analysis and the negligible progress in adopted policies is glaring,
perhaps in part because of limited engagement with international equity concerns (Section 5).
The extensive technical literatures also contrast with relatively sparse literatures in the are-
nas of politics, practical modes of international cooperation, and deeper examination of ethical
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underpinnings of policies andWTO principles, as they relate to the practical problems of tackling
GHG emissions from internationally traded goods. There is also very little connection between
the literatures on private measures (Section 3) and public policies (Section 4). We conclude by
touching briefly on each of these areas in turn.

6.1. The Politics of Extraterritorial Incentives

Irrespective of whether measures respect WTO principles, actions that are deemed by other na-
tions to be seriously inequitable and/or infringe on their sovereignty, for example by targeting the
emissions from processes and production methods that take place in other countries, may lead to
retaliation (168–170). Thus, there were strong reactions to the EU’s attempt to extend its ETS to
include emissions from international aviation to all flights in and out of the EU’s airspace—which
by implication had an extraterritorial dimension.Widespread opposition included the canceling of
aircraft orders by China and prohibitions to fly over Russian airspace, ultimately forcing the EU to
retreat (171). Likewise, the first reactions to the EU’s CBAM proposals have included suggestions
for (trade) retaliation (172).

In itself, adverse reactions do not negate the case for some such efforts: Indeed, although the
EU aviation legislation itself caused diplomatic ructions and ultimately was suspended, the pres-
sure it generated likely prompted governments to finally take action on international aviation
emissions, resulting—some two decades after the Kyoto Protocol indicated a central role for the
International Civil Aviation Organization (ICAO)—in the commitment to cap net aviation emis-
sions, implemented through an emissions offsetting system, with 111 countries now participating
(see https://perma.cc/6FZQ-BTX2).

A key challenge for industrial emissions is that unlike aviation, there are no appropriate inter-
national institutions that could play a role akin to ICAO for aviation. Nevertheless, one obvious
implication is that when tackling emissions associated with energy-intensive, traded goods, major
initiatives like the EU’s CBAM should from the outset consider international diplomacy. Ulti-
mately, there is a common challenge of how to decarbonize key sectors in ways consistent with
the agreed goals and normative standards of the Paris Agreement, including international equity
concerns (Section 5), and hence seeking to contribute to both domestic and global climate objec-
tives, including technology and policy learning and potentially use of revenues.

6.2. On Clubs and Multijurisdictional Cooperation

Yet, what are the options should all the main approaches summarized in Section 4 still prove im-
possible to implement unilaterally, due to the combination of internal resistance and international
reactions that overwhelm the initiatives of any single jurisdiction? A global agreement on com-
mon carbon pricing is evidently impossible, and even “dual track” approaches proposed for carbon
pricing and convergence (173) seem “doomed to fail” (174). Amplified by enduring geopolitical
realities (see, e.g., 175), even global regulatory standards for embodied carbon face huge obstacles,
leading researchers to turn increasingly to ideas of smaller groups of countries collaborating to
drive policy forward.

One approach reflects the dominant economic framing around the centrality of pricing and
burden-sharing, emphasizing common carbon pricing among club members, with clear rules, and
economic deterrence to free-riding by nonmembers (176–179). In game-theoretical terms, the
associated trade measures would be sanctions, in the absence of which there is no hope of avoiding
free-riding in global climate politics (52, 176). Retaliation would be likely (178); however, other
analyses conclude that BCAs with open membership can lead to economically stable agreements
and incentives ultimately to global participation (180–182).
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A carbon pricing club was the broad original conception behind Germany’s efforts to promote
such approaches in its G7 Presidency of 2022, building on the EU’s CBAM proposals and hop-
ing to extend the same principles with others. In the event, this potentially did more to show
the limitations, not least stemming from the mismatch between geopolitics and climate policy:
The idea of building a carbon pricing club from the G7, when two of its most powerful members
(the United States and Japan) have consistently proved incapable of implementing any effective
price domestically, was always fanciful. Attempts to meet the domestic needs of those countries
in terms of some kind of equivalence measure only served to complicate further the notion of a
prespecified club of countries committed to comparable, economy-wide action.

The other approach on cooperation emphasizes potential for positive gains from membership,
not through external sanctions but from the benefits of internal cooperation, inmore focusedways:
for example, from harmonizing rules for linking emissions trading systems, or a focus on coordi-
nated measures to accelerate beneficial innovations, and build profitable markets for them, among
the participating countries. This approach naturally tends to a more evolutionary and “build-
ing blocks” process (183), perhaps with a range of “multijurisdictional cooperative arrangements”
(184) on a sector-by-sector basis.

Overall, a patchwork of consumption-based policies would be in line with a polycentric ap-
proach to climate change (185). Policies targeting embodied emissions can support the transition
away from high-carbon goods, even in a patchwork of dynamically developing polycentric initia-
tives rather than in a fixed club. Future research could extend theorizations on clubs to sets of
diverse jurisdictions with unstable mutual recognitions of their mitigation efforts. One obvious
initial route would include collaboration on at least informational and institutional measures en-
abling policies that target embodied emissions (175). In terms of regulatory measures that might
be associated with extension from normative goals to so-called bargaining clubs, the absence and
deprioritization of carbon pricing at the US federal level (186) provides a particularly strong ra-
tionale for focusing more on the potential of excise taxes and product standards for embodied
carbon, perhaps at the state rather than federal level in some countries.

6.3. Ethical Underpinnings and World Trade Organization Constraints

To a large degree, the literature on policies to tackle embodied carbon seems to be divided between
theoretical economic and modeling approaches which simply ignore the established principles of
international trade law on the one hand, and the more legally oriented literatures which seek to
interpret and apply WTO rules on the other. The latter still explore major distinctions between
possibilities for climate change actions to gain legal exemptions under GATT Article XX, com-
pared to the design of policies intended to be consistent with the two founding nondiscrimination
principles of national treatment and most-favored nation treatment.

However, trade law was never developed with a problem like climate change in mind, most
obviously with respect to the global nature of impacts from emissions anywhere, but also, con-
cerning the need for government-led investment in low-carbon solutions, as partly a global pub-
lic good. The three different approaches to carbon pricing for embodied emissions surveyed in
Section 4 do illustrate some important resulting constraints. The two most obvious are that re-
imbursing for carbon costs incurred during production upon export raises WTO concerns, while
the requirement for national treatment may constrain the choice between the use of fixed bench-
marks and actual embodied emissions,whether in pricing or in standards.While full export rebates
for embodied emissions would create a risk of reshuffling the dirtiest production for export, the
TCBA accounting debate (Section 2) does highlight the reality that exported goods produced in
ways cleaner than the global average do contribute to global emission reductions. Banning export
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rebates even for such goods is thus environmentally questionable, and especially so if it renders
politically impossible any CBAM with full carbon costs that make EITE exports uncompetitive.

Similarly, efforts to tackle embodied emissions could face a catch-22 if a jurisdiction like the
EU employs a system of domestic emissions control based on actual embodied emissions (i.e.,
the EU ETS), in the event that trade law suggests applying the same rigor to imported goods—
which could then impose an unreasonable administrative burden on foreign producers exporting
into Europe (Section 5). Simpler benchmarks, as fixed charges, e.g., per tonne of steel, could face
challenges as a border measure and would be most familiar and uncontroversial as a form of excise
duties applied to all similar products used domestically—which would lose direct incentive for
clean production, unless implemented in concert with an upstream ETS.

Ultimately, therefore, aspects of trade law may need to be reviewed to cope with the new re-
alities of climate change, especially if, in addition, getting anywhere close to net zero requires
extensive government-led innovation and investment, which—as with the disputes over photo-
voltaics trade and tariffs—could easily be held to fall foul of the ASCM. The latest IPCC report
(48) acknowledges debate on various options vis-à-visWTO, proposed “to minimise conflicts, and
strengthen the role of trade agreements in climate action . . ..”10

6.4. Complementary Roles of Public and Private Actors

There seems little literature on the potential relationship between public and private actions on
embodied carbon flows, despite experience gained from decades of corporate and consumer ac-
tivity, for example in organic food, fair trade, and sustainable forestry, and the obvious comple-
mentarity of public and private action. Governments necessarily bring a nation-state perspective;
many companies have a global perspective. Governments like to emphasize sovereignty; many
companies press them to harmonize regulations, to reduce trade frictions. Perhaps most centrally,
governments generally try to respect WTO laws to present the trade system descending into tit-
for-tat anarchy; but consumers have a clear right to decide what they do and do not want to buy,
and to demand the information with which to do so. Although governments worry and argue
about the complexity and burden of providing full PCF information, the private sector is contin-
uing to improve the basis for doing so (Section 3). And while for multiple reasons governments
might have to use benchmark averages for charging or setting embodied emission standards on
traded goods, consumers—including, indeed, government or city procurement—could demand
full reporting of embodied emissions for the products they buy.

Finally, concerning the deep innovation required for global low-carbon transitions, the roles
of government, industry, and consumers are deeply intertwined, and in general they share a com-
mon interest in opening up markets for emerging low-carbon products. Thus, the Breakthrough
Agendas at COP26, endorsed by 36 states, comprised sector-specific collaborations in clean power,
transport, steel, and hydrogen. Each of these spanned a diversity of key actors and international
initiatives to establish goals, processes, and checkpoints for low-carbon transformation of these
sectors, which for steel and hydrogen at least must necessarily include consideration of embodied

10The report notes options “including: (1) the amendment of WTO agreements to accommodate climate ac-
tion; (2) the adoption of a ‘climate waiver’ that temporarily relieves WTO members from their obligations;
(3) a ‘peace clause’ through which members commit to refraining from challenging each other’s measures;
(4) an ‘authoritative interpretation’ by WTO members of ambiguous WTO provisions; (5) improved trans-
parency of the climate impacts of trade measures; (6) the inclusion of climate expertise in WTO disputes; and
(7) intensified institutional coordination between the WTO and UNFCCC [. . .]. In addition, issue-specific
suggestions have been put forward, such as reinstating an exception for environmentally motivated subsidies
under the ASCM [. . .]” (48, chapter 14, p. 74, and references therein).
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emissions, and the international development of markets for materials and molecules (e.g., hydro-
gen, ammonia) made in low-carbon ways (see https://perma.cc/UV49-JHJ6). Many such issues
are relatively new in the UN arena but may help to foster ways forward for a field in which the
technical analysis has, to date, run so far ahead of implemented actions.

SUMMARY POINTS

1. Net zero emissions cannot possibly be achieved while exempting the biggest emit-
ting sectors, namely emissions-intensive industry, but the fear of policy-driven car-
bon leakage—companies moving emissions-intensive operations abroad to escape
regulation—impedes many, perhaps most, mitigation policy options for emissions-
intensive, trade-exposed production, given the perceived risk of these shifting to juris-
dictions with weaker climate policies.

2. Aggregate North–South outsourcing of emissions associated with globalization peaked
around the mid-2000s and has declined substantially since then, largely reflecting some
convergence in carbon intensity between regions.

3. While the distributional consequences of measures targeting emissions embodied in
trade are seen by many developing countries as inequitable, so too would be the conse-
quence of continuing to largely exempt energy-intensive industries from effective miti-
gation measures.

4. Approaches to tackling carbon leakage via pricing mechanisms involve different trade-
offs in terms of administrative complexity, possible ambiguities in relation to interna-
tional trade law, equity aspects, and overall environmental effectiveness, all of which also
can affect political feasibility.

5. Embodied carbon standards, green public procurement, and green subsidies can ideally
complement carbon pricing instruments, but can also be adopted in lieu of them, to drive
the net zero industrial transition.

6. The sequencing and interplay of different policy measures should be tailored to each
industrial sector’s specific challenges rather than a one-size-fits-all approach.

7. Policies targeting embodied emissions can support the transition away from high-carbon
goods, even in a patchwork of dynamically developing polycentric initiatives rather than
in a fixed carbon club.

8. The absence and deprioritization of carbon pricing at the US federal level provide a par-
ticularly strong rationale for focusing more on the potential of excise taxes and product
standards for embodied carbon rather than on border carbon adjustments, perhaps at
the state rather than federal level in some countries.

FUTURE ISSUES

1. Future research should extend theorizations on carbon clubs to dynamically evolving
and polycentric sets of diverse jurisdictions with unstable mutual recognitions of their
mitigation efforts.
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2. The relation between private measures and public policies targeting embodied carbon
deserves more scholarly attention, in particular with respect to the informational
dimension.

3. While the study of the legal implications and economics of potential pricing-based in-
struments for targeting emissions embodied in trade are relatively far advanced, nonprice
instruments merit more attention.

4. The practical problems of tackling greenhouse gas emissions from internationally traded
goods require a deeper examination of the ethical underpinnings of trade policies and
World Trade Organization principles; and reform may be required to cope with the new
realities of climate change.
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74. Bahn-Walkowiak B, Magrini C, Berg H, Göń́ski B, Beck-O’Brien M, et al. 2020. Eco-innovation and
digitalisation. Case studies, environmental and policy lessons from EU member states for the EU Green Deal and
the circular economy. Rep., Eco-Innov. Observ., Eur. Comm., Brussels, Belg.

75. Lubin DA, Esty DC. 2010. The sustainability imperative. Harvard Business Review, May. https://hbr.
org/2010/05/the-sustainability-imperative

76. Nidumolu R, Prahalad CK, Rangaswami MR. 2009.Why sustainability is now the key driver of innova-
tion.Harvard Business Review, September. https://hbr.org/2009/09/why-sustainability-is-now-the-
key-driver-of-innovation

77. Serafeim G. 2021. ESG: hyperboles and reality. Work. Pap. 22–031, Harv. Bus. Sch., Harv. Univ.,
Cambridge, MA

78. TCFD (Task Force Clim.-Relat. Financ. Discl.). 2017. Recommendations of the Task Force on Climate-
Related Financial Disclosures. Rep., TCFD, Basel, Switz.

79. Secur. Exch. Comm. 2022. The enhancement and standardization of climate-related disclosures for in-
vestors. Fed. Reg. 87(69):21334. https://www.govinfo.gov/content/pkg/FR-2022-04-11/pdf/2022-
06342.pdf

80. Mehling MA, Van Asselt H, Das K, Droege S, Verkuijl C. 2019. Designing border carbon adjustments
for enhanced climate action. Am. J. Int. Law 113(3):433–81

81. Goulder LH, Parry IWH. 2008. Instrument choice in environmental policy. Rev. Environ. Econ. Policy
2(2):152–74

82. Branger F, Quirion P, Chevallier J. 2016. Carbon leakage and competitiveness of cement and steel
industries under the EU ETS: much ado about nothing. Energy J. 37(3):109–35

83. Böhringer C, Rosendahl KE, Storrøsten HB. 2017. Robust policies to mitigate carbon leakage. J. Public
Econ. 149:35–46

790 Grubb et al.

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

r.
 2

02
2.

47
:7

53
-7

95
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
L

ei
de

n 
- 

Fa
cu

lte
it 

So
ci

al
e 

W
et

en
sc

ha
pp

e 
on

 0
1/

07
/2

3.
 S

ee
 c

op
yr

ig
ht

 f
or

 a
pp

ro
ve

d 
us

e.
 

https://www.wri.org/sustainability-wri/dashboard/methodology
https://ghgprotocol.org/life-cycle-databases
https://hbr.org/2010/05/the-sustainability-imperative
https://hbr.org/2009/09/why-sustainability-is-now-the-key-driver-of-innovation
https://www.govinfo.gov/content/pkg/FR-2022-04-11/pdf/2022-06342.pdf


84. Neuhoff K, Martinez KK, Sato M. 2006. Allocation, incentives and distortions: the impact of EU ETS
emissions allowance allocations to the electricity sector. Clim. Policy 6(1):73–91

85. Fischer C, Fox AK. 2011. The role of trade and competitiveness measures in US climate policy. Am.
Econ. Rev. 101(3):258–62

86. CarbonTrust. 2010.Tackling carbon leakage: sector-specific solutions for a world of unequal prices. Rep.,Carbon
Trust, London

87. Anger N, Asane-Otoo E, Böhringer C, Oberndorfer U. 2016. Public interest versus interest groups:
a political economy analysis of allowance allocation under the EU emissions trading scheme. Int. Environ.
Agreem. Polit. Law Econ. 16(5):621–38

88. Burtraw D, McCormack K. 2017. Consignment auctions of free emissions allowances. Energy Policy
107:337–44

89. Rubini L, Jegou I. 2012. Who’ll stop the rain? Allocating emissions allowances for free: environmental
policy, economics, and WTO subsidy law. Transnatl. Environ. Law 1(2):325–54

90. Droege S, van Asselt H, Das K, Mehling M. 2017. The trade system and climate action: ways forward
under the Paris Agreement. South Carolina J. Int. Law Bus. 13(2):195–276

91. Stede J, Pauliuk S, Hardadi G, Neuhoff K. 2021. Carbon pricing of basic materials: incentives and risks
for the value chain and consumers. Ecol. Econ. 189:107168

92. Le Den X, Fallmann H, Görlach B, Ismer R, Neuhoff K, et al. 2021. Study on the possibility to set up a
carbon border adjustment mechanism on selected sectors: final report. Rep., Eur. Comm., Brussels, Belg.

93. Mattoo A, Subramanian A, van der Mensbrugghe D, He J. 2013. Trade effects of alternative carbon
border-tax schemes. Rev. World Econ. 149(3):587–609

94. Ismer R, Neuhoff K. 2007. Border tax adjustment: a feasible way to support stringent emission trading.
Eur. J. Law Econ. 24(2):137–64

95. Tamiotti L. 2011. The legal interface between carbon border measures and trade rules. Clim. Policy
11(5):1202–11

96. Pauwelyn J. 2013. Carbon leakage measures and border tax adjustments under WTO law. In Research
Handbook on Environment, Health and the WTO, ed. G Van Calster, D Prévost, pp. 448–506. Cheltenham,
UK: Edward Elgar Publ.

97. Holzer K. 2014.Carbon-Related Border Adjustment andWTO Law. Cheltenham,UK: Edward Elgar Publ.
98. Cosbey A, Droege S, Fischer C, Munnings C. 2019. Developing guidance for implementing border

carbon adjustments: lessons, cautions, and research needs from the literature. Rev. Environ. Econ. Policy
13(1):3–22

99. Porterfield M. 2019. Border adjustments for carbon taxes, PPMs, and the WTO. Univ. Pa. J. Int. Law
41(1):1–42

100. Monjon S, Quirion P. 2011. A border adjustment for the EU ETS: reconcilingWTO rules and capacity
to tackle carbon leakage. Clim. Policy 11(5):1212–25

101. Branger F,Quirion P. 2014.Would border carbon adjustments prevent carbon leakage and heavy indus-
try competitiveness losses? Insights from ameta-analysis of recent economic studies.Ecol. Econ. 99:29–39

102. Bushnell J, Peterman C,Wolfram C. 2008. Local solutions to global problems: climate change policies
and regulatory jurisdiction. Rev. Environ. Econ. Policy 2(2):175–93

103. Kortum S,WeisbachD.2017.The design of border adjustments for carbon prices.Natl.Tax J.70(2):421–
46

104. Böhringer C, Balistreri EJ, Rutherford TF. 2012. The role of border carbon adjustment in unilateral
climate policy: overview of an Energy Modeling Forum study (EMF 29). Energy Econ. 34:S97–110

105. European Commission. 2021. Proposal for a regulation of the European Parliament and of the Council estab-
lishing a border carbon adjustment mechanism, July 14.Eur. Comm.Doc.https://ec.europa.eu/info/sites/
default/files/carbon_border_adjustment_mechanism_0.pdf

106. Kopp RJ, Pizer WA, Rennert K. 2022. Industrial decarbonization and competitiveness: a domestic benchmark
intensity approach. Issue Brief 22-03, Resour. Future, Washington, DC

107. Xu Q, Hobbs BF. 2021. Economic efficiency of alternative border carbon adjustment schemes: a case
study of California carbon pricing and the Western North American power market. Energy Policy
156:112463

www.annualreviews.org • Carbon Leakage, Consumption, and Trade 791

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

r.
 2

02
2.

47
:7

53
-7

95
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
L

ei
de

n 
- 

Fa
cu

lte
it 

So
ci

al
e 

W
et

en
sc

ha
pp

e 
on

 0
1/

07
/2

3.
 S

ee
 c

op
yr

ig
ht

 f
or

 a
pp

ro
ve

d 
us

e.
 

https://ec.europa.eu/info/sites/default/files/carbon_border_adjustment_mechanism_0.pdf


108. Mayr S, Hollaus B,Madner V. 2021. Palm oil, the RED II andWTO law: EU sustainable biofuel policy
tangled up in green? Rev. Eur. Comp. Int. Environ. Law. 30(2):233–48

109. Bruyn SM, Koopman MJ, Vergeer R. 2015. Carbon Added Tax as an alternative climate policy instrument.
Rep., CE Delft, Delft, Neth.

110. Holovko I, Marian A, Apergi M. 2021. The role of the EU CBAM in raising climate policy ambition in trade
partners: the case of Ukraine. Rep., Inst. Adv. Sustain. Stud., Potsdam, Ger.

111. Fuso Nerini F, Fawcett T, Parag Y, Ekins P. 2021. Personal carbon allowances revisited. Nat. Sustain.
4(12):1025–31

112. Haussner MW. 2021. Including Consumption in Emissions Trading: Economic and Legal Considerations.
Cheltenham, UK: Edward Elgar Publ.

113. Ismer R,HaussnerM. 2016. Inclusion of consumption into the EUETS: the legal basis under European
Union law. Rev. Eur. Comp. Int. Environ. Law 25(1):69–80

114. Ismer R, van Asselt H, Haverkamp J, Mehling M, Neuhoff K, Pirlot A. 2021. Climate neutral production,
free allocation of allowances under emissions trading systems, and the WTO: how to secure compatibility with the
ASCM. Discuss. Pap., DIW Berlin, Berlin, Ger.

115. van Renssen S. 2020. The hydrogen solution? Nat. Clim. Change 10(9):799–801
116. Neuhoff K, Ismer R, Acworth W, Ancygier A, Fischer C, et al. 2016. Inclusion of Consumption of carbon

intensive materials in emissions trading—an option for carbon pricing post-2020. Rep., Clim. Strateg., London
117. Chiappinelli O, Gerres T, Neuhoff K, Lettow F, de Coninck H, et al. 2021. A green COVID-19 re-

covery of the EU basic materials sector: identifying potentials, barriers and policy solutions. Clim. Policy
21(10):1328–46

118. Gerres T, Haussner M, Neuhoff K, Pirlot A. 2021. To ban or not to ban carbon-intensive materials: a
legal and administrative assessment of product carbon requirements. Rev. Eur. Comp. Int. Environ. Law
30(2):249–62

119. Zizzo R, Kyriazis J, Goodland H. 2017. Embodied carbon of buildings and infrastructure: international policy
review. Rep., For. Innov. Invest., Vancouver, BC, Can.

120. C40 Cities, Arup, Univ. Leeds. 2019. Building and infrastructure consumption emissions: in focus. Rep., C40
Cities, Arup, Univ. Leeds

121. UK Clim. Change Comm. 2020. Briefing document: the potential of product standards to address industrial
emissions. Rep., UK Clim. Change Comm., London

122. Kurmayer NJ. 2021. EU to start measuring ‘embodied’ carbon emissions from buildings. Euractiv,
Nov. 30. https://www.euractiv.com/section/energy-environment/news/eu-to-start-measuring-
embodied-carbon-emissions-from-buildings/

123. Aecom. 2019.Options for incorporating embodied and sequestered carbon into the building standards framework.
Rep., Aecom Comm. Clim. Change, London

124. FreemanH,Christie L. 2021.Reducing the whole life carbon impact of buildings. Rep.,UK Parliam., London
125. Ministère de la Transition écologique. 2022. Réglementation environnementale RE2020.GOUVERNE-

MENT, Aug. 12. https://www.ecologie.gouv.fr/reglementation-environnementale-re2020
126. Dan. Hous. Plann. Auth., ed. 2021. National Strategy for Sustainable Construction. Copenhagen: Minist.

Inter. Hous.
127. Pomponi F,Giesekam J,Hart J,D’Amico B. 2020.Embodied carbon: status quo and suggested roadmap. Rep.,

JH Sustain., Edinburgh, UK
128. Varriale F. 2021. The other side of the coin: understanding embodied carbon. RICS World Built Environment

Forum,May 27.https://www.rics.org/uk/wbef/megatrends/natural-environment/the-other-side-
of-the-coin-understanding-embodied-carbon/

129. Teshnizi Z. 2019. Policy research on reducing the embodied emissions of new buildings in Vancouver.Rep., Zera
Solut., London

130. European Commission. 2021. Questions and answers on the revision of the energy performance of
buildings directive. European Commission Press Corner, Dec. 15. https://ec.europa.eu/commission/
presscorner/detail/en/QANDA_21_6686

131. Ürge-Vorsatz D, Khosla R, Bernhardt R, Chan YC, Vérez D, et al. 2020. Advances toward a net-zero
global building sector. Annu. Rev. Environ. Resour. 45:227–69

792 Grubb et al.

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

r.
 2

02
2.

47
:7

53
-7

95
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
L

ei
de

n 
- 

Fa
cu

lte
it 

So
ci

al
e 

W
et

en
sc

ha
pp

e 
on

 0
1/

07
/2

3.
 S

ee
 c

op
yr

ig
ht

 f
or

 a
pp

ro
ve

d 
us

e.
 

https://www.euractiv.com/section/energy-environment/news/eu-to-start-measuring-embodied-carbon-emissions-from-buildings/
https://www.ecologie.gouv.fr/reglementation-environnementale-re2020
https://www.rics.org/uk/wbef/megatrends/natural-environment/the-other-side-of-the-coin-understanding-embodied-carbon/
https://ec.europa.eu/commission/presscorner/detail/en/QANDA_21_6686


132. Harvey LDD.2013.Recent advances in sustainable buildings: review of the energy and cost performance
of the state-of-the-art best practices from around the world. Annu. Rev. Environ. Resour. 38:281–309

133. World Green Building Council. 2019. Bringing embodied carbon upfront. Coordinated action for the building
and construction sector to tackle embodied carbon. Rep., World Green. Build. Counc., London

134. European Political Strategy Centre. 2016. Towards low-emission mobility: driving the modernisation of the
EU economy. EPSC Strateg. Notes, Eur. Polit. Strateg. Cent., Eur. Comm., Brussels, Belg.

135. Jordan N, Butnar I, Grubb M, Sato M. 2022. Joint response by climate policy experts from UCL and LSE to
BEIS Call for Evidence: towards a market for low emissions industrial products, Febr. 28. UCL Doc. https://
www.ucl.ac.uk/public-policy/sites/public_policy/files/ucl_lse_climate_experts_response_beis_
call4evidence_low_emissions_products_2022.pdf
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