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Abstract
While international trade can offer gains from special-
ization and access to a wider range of products, it is
also closely interlinked with global environmental prob-
lems, above all, anthropogenic climate change. This
survey provides a structured overview of the economic
literature on the interaction between environmental out-
comes, trade, environmental policy and trade policy.
In this endeavor, it covers approaches reaching from
descriptive data analysis based on input-output tables,
over quantitative trade models and econometric studies
to game-theoretic analyses. Addressed issues are in par-
ticular the emission content of trade and emissions along
value chains, the relocation of dirty firms and environ-
mental impacts abroad, impacts of specific trade policies
(such as trade agreements or tariffs) or environmental
policies (such as border carbon adjustment), transporta-
tion emissions, as well as the role of firms. Across the
different topics covered, the paper also tries to identify
avenues for future research, with a particular focus on
extending quantitative trade and environment models.
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1 INTRODUCTION

Environmental degradation and anthropogenic climate change are among the greatest challenges
the world is facing. They increasingly threaten economic welfare and, more broadly, human well-
being. Tomitigate their causes and to adapt to unavoidable changes, major economic investments
and determination on the part of policymakers are required. In this endeavor, policy makers have
started to move away from narrowly focused environmental or climate policies to broader strate-
gies. These explicitly account for environmental but also social objectives in policy areas that
previously focuses on purely economic considerations. For example, the discussion on the role
of central banks in mitigating climate change is relatively new. In contrast, the debate on the role
of trade and trade policy dates back at least to the 1970ies. It has received significant attention
since then, both in the public arena as well as in the economics literature.
Trade is probably the most important driver of globalization. While it has increased global

wealth significantly, trade is also closely interlinked with global environmental problems. Dating
back to Grossman and Krueger (1993) and Copeland and Taylor (1994), economists describe three
channels through which trade and associated macroeconomic changes may affect the environ-
ment. The first is the scale effect: if trade scales up production, it also scales up related pollution.
The second is the composition effect: Trade affects the composition of economies or sectors into
“dirtier” versus “cleaner” industries or firms in different countries and thus their domestic pol-
lution. More broadly, in an open economy, the pollution caused by the production of goods and
services on the territory of a country generally differs from the pollution caused by the consump-
tion of goods and services on the same territory (a country’s pollution footprint). This wedge can
be driven by different factors, environmental policy being one of them, trade policy another one.
The third channel is the technique effect: Trade can affect the pollution emitted per unit of output
or per unit of value added within industries and thus the pollution intensity of production: the
same amount of a given product is produced with more or less pollution. This channel can again
be driven by a range of factors, including environmental and trade policy.
If one intends to address the effects of trade policies on environmental outcomes, it is necessary

to understand how the latter are shaped by the mutual interaction of trade, economic outcomes,
environmental policy, and trade policy. The aim of this paper is to provide a short but comprehen-
sive and structured overview of the large literature that has contributed to answering different
aspects of these complex interactions. It focuses on empirical and quantitative work that has
emerged in the last 50 years with a strong focus on recent developments.
One way to look at this literature would be to structure it by methodological approaches.

There are four main (non-exclusive) methodological approaches. The first approach is theoretical
modeling, including trade models with or without firm heterogeneity, as well as game-theoretic
approaches. This approach derives general findings and hypotheses and helps to understand
relevant mechanisms such as the scale, technology and composition effects mentioned above.
The second approach consists of descriptive data analysis. It is useful, for example, to derive
emissions and environmental impacts embodied in trade but it can say little about drivers and
causal effects. The third approach is empirical research. Naturally, it mostly focuses on ex-post
analyses. Moreover, it is often limited by data availability and quality. The largest strand of
literature related to the trade—environment nexus is based on a fourth approach, namely quan-
titative and numerical trade models enriched with environmental features. Applied quantitative
models comprise partial equilibrium models for specific sectors and trade models capturing
bilateral trade flows and international feedback effects. The latter include computable general
equilibrium (CGE) models and structural gravity models which explicitly capture trade flows.
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1150 FELBERMAYR et al.

Such models can analyze counterfactual scenarios. That is, they can help shed light on the effects
of latest policy measures not yet captured in the data and of future policy scenarios. They can
also complement ex-post analysis with general equilibrium effects.
In the sequel, we regularly relate to these different approaches since they help to point to

avenues for future research. However, we structure our review by the main research questions
addressed in the literature. We believe that this gives a better picture of what we know about the
linkages between environmental outcomes, trade, trade policy and environmental policy.
As the starting point for our review, Section 2 summarizes the descriptive literature on mea-

suring environmental impacts embodied in trade. This motivates the more far-reaching question
whether trade is good or bad for the environment, which is the focus of Section 3. Section 4
moves to the linkages between environmental policy, trade policy and environmental pollution
asking how trade affects the effectiveness of environmental policy. In this context, it discusses
how environmental policy can lead to the relocation of environmental impacts (carbon leakage)
and emissions along value chains through trade. As a further topic of major interest, Section 5
discusses emissions caused by the transportation of goods across international borders. Section 6
concludes.
A large part of the overview focuses on carbon emissions, where the literature base is broadest.

Our study draws on existing, often very extensive reviews and meta-studies of the literature on
“trade and the environment.” Given the very large and steadily increasing number of studies, we
will point to these reviews whenever possible and will refrain from listing and reviewing every
single study in these cases. Instead, the aim is rather to capture the main strands of literature and
to discuss exemplary approaches and findings, including their merits and limits. We pay special
attention to newer studies which introduce new methods or discuss additional major aspects of
trade and the environment or can else be seen as pathbreaking.

2 ENVIRONMENTAL IMPACTS EMBODIED IN INTERNATIONAL
TRADE

Emission transfers or more broadly environmental impacts embodied in trade are important indi-
cators of the relevance of trade for the environment. They are referred to, for example, as the
carbon content of trade, the water content of trade, or the land content of trade. Such transfers
represent a wedge between the environmental impact that is generated on the territory of a coun-
try (territorial impact or production-based impact) and the impact that is generated to produce the
goods and services consumed in a country (water/land/carbon footprint or consumption-based
impact). Besides production- and consumption-based impact assessment, for carbon emissions,
one can calculate the emissions resulting from the burning of fossil fuels according to where the
respective resources have been extracted (see, e.g., Kortum &Weisbach, 2021).
Related to this, there is a large and growing body of literature on descriptive data analysis1 that

started in the mid-1970s but gained importance in the early 2000s. One excellent example is the
widely cited study by S. J. Davis and Caldeira (2010) who present a global consumption-based car-
bon inventory for the year 2004. These studies typically use a set of regional input-output tables
linked through bilateral trade-flows and including input-related environmental impact variables
to extract information on environmental impacts embodied in trade. Most studies use some type
of multi-regional input-output (MIRO) analysis that can provide a consistent accounting frame-
work to calculate a variety of different footprint indicators (Tukker, et al., 2018). These footprint
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FELBERMAYR et al. 1151

indicators include different types of greenhouse gas emissions as well as water, land, andmaterial
use. Wiedmann et al. (2007) and Wiedmann (2009) provide early reviews of existing studies.
Many of the descriptive data analyses such as Chen et al. (2018), Peters (2008), Su and Ang

(2011), Su et al. (2010) and the review byWiedmann (2009) focus on methodological issues. Other
studies deal with the developments in single countries including Italy, Japan, the Netherlands,
Scotland, UK and the US (see Wiedmann, 2009 for an overview table) or a single year in multi-
regional studies (e.g., Hertwich & Peters, 2009; Peters & Hertwich, 2008). Many studies focus on
carbon emissions embodied in trade, but others include other greenhouse gases (e.g., Copeland
et al., 2021; Hertwich & Peters, 2009) or water, land and material footprints (Steen-Olsen et al.,
2012; Tukker et al., 2014).
In the context of this review, the multi-country analyses over time by Fan et al. (2016), Peters

et al. (2011), Yamano and Guilhoto (2020), and Copeland et al. (2021) are most interesting. These
four studies show that the amount of environmental impacts embodied in trade has grown sub-
stantially over the last decades. This is not surprising as international goods trade increased
relative to global GDP by around 50% between 1995 and 2014 (see WTO, 2015). It reached an
absolute all-time high at 5.6 trillion USD in the third quarter of 2021 (see UNCTAD, 2021).
Copeland et al. (2021) use data for carbon dioxide (CO2) and Nitrogen Oxides (NOx) from 1990

until 2009 showing that the shares of emissions embodied in international trade rose almost con-
tinuously over time for both types of emissions, reaching a peak in 2008 before falling in 2009
corresponding with a decline in global GDP and the ratio of international trade to GDP. This is
also in line with data from Peters et al. (2011) for CO2-emissions. Peters et al. (2011) also stress
that non-energy-intensive manufacturing had a key role in international emission transfers since
it accounted for a growing share of global CO2-emissions trade (in 2008, around a third of total
transfers). Copeland et al. (2021) report that in 2008 around 35% of global CO2 emissions and 32%
of NOx emissions were embodied in traded goods and services. Generally, in their data, the share
varies between a fourth to a third of global CO2/NOX emissions.
On a regional scale, the ranking of top emitters does not change significantlywhenmoving from

territorial emissions to carbon footprints (Fan et al., 2016), but this study as well as the data of the
Global Carbon Project (www.globalcarbonatlas.org) show that industrialized and rich countries
typically import CO2 emissions (they have a higher footprint than territorial emissions) while
emerging and developing countries as well as resource-abundant countries (Russia, South Africa,
Venezuela, Australia, Qatar, Ukraine, Belarus) export emissions (they have a lower footprint than
territorial emissions). Based on the data of the Global Carbon Project, in 2017, the top six net
importers of CO2 emissionswere theUS, Japan, Great Britain, Italy, France andGermanywith the
EU being the largest importer. The largest net exporters were China, India, Russia, South Africa
andKazakhstan. The EUhas continuously been the largest importer in this regard, and in parallel
with its economic rise, China and India have become the largest exporters along with Russia. The
US has made a shift from the tenth largest exporter to the second largest importer between 1990
and 2017. The patterns for water and land impact (Tukker et al., 2014) are different. The EU still
is a large net importer of environmental impacts but the US and Australia, for example, have a
lower water footprint than territorial water use.
An analysis by the OECD (Yamano & Guilhoto, 2020) shows that the gap between the net

exports of CO2 emissions from non-OECD countries and the net imports from OECD countries
is continuously widening. Analyzing 14 countries, Fan et al. (2016) find four different categories
of countries: In the first category, Russia and France show extreme differences between carbon
footprints and territorial emissions. Germany, Spain, Great Britain, and Italy show a positive
difference with a stable increasing trend. Australia, Canada, India, and Korea show a slight
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difference around zero and finally, China and Taiwan show a negative difference with an
increasingly larger gap. Peters et al. (2011) summarize that “[m]ost developed countries have
increased their consumption-based emissions faster than their territorial emissions [..]. The net
emission transfers via international trade from developing to developed countries increased from
0.4 Gt CO2 in 1990 to 1.6 Gt CO2 in 2008, which exceeds the Kyoto Protocol emission reductions.”
Copeland et al. (2021) report growing net imports of pollution into rich countries not only for CO2
but also (with a very similar pattern) for NOX. They conclude that rich countries increasingly
outsource pollution through international trade.
To summarize, the literature has found that the amount of emissions embodied in trade is sig-

nificant and that the increasing gap between territorial emissions and emission footprints in rich
countries hints at increased outsourcing of emissions.
Some papers go beyond simply describing emissions embodied in trade and analyze their

drivers. Wu et al. (2022) summarize some relevant MIRO-based literature that mostly focuses on
trade between China and different partners. Not surprisingly, the most eminent factors that have
been identified to influence emissions embodied in trade are trade volume, development of car-
bon intensity of traded goods and trade structure. However, studies differ regarding the relative
importance of these factors. The studies also include some analysis about which sectors are driv-
ing country-level results. Not related to carbon emissions, Debaere (2014) find that “more water
abundant countries tend to exportmore water-intensive products, and less water-abundant countries
less water-intensive goods.”
Recently, the development of global value chains and the associated international input-output

linkages have found their way into structural gravity models of trade and the environment. Sev-
eral studies shed light on aspects of trade-related emissions that have previously received less
attention.2 Caron and Fally (2022) combine a Ricardian gravity model that includes input-output
linkages in production à laCaliendo andParro (2015)with amore elaboratemodeling of the energy
sectors. They distinguish primary and secondary fossil fuels and explicitly incorporate natural
resources. Additionally, they incorporate non-homothetic preferences. The authors investigate the
emission effects of changing international consumption patterns and find that the shift toward less
energy-intensive consumption at high-income levels becomes less pronounced once emissions
along the whole value chain are accounted for. Thus, higher income levels alone will have less
impact on emission savings than previously thought. Mahlkow and Wanner (2022) use a general
equilibrium Ricardian trade model with global value chains and a gravity equation to consider
the environmental implications of global trade imbalances. Their model allows different kinds
of carbon accounting, namely attributing emissions either to the country where they occur (pro-
duction footprints), the country where the products associated with the emissions end up being
consumed (consumption footprints), or the country where the fossil fuels originated from (supply
or extraction footprints). They find that current global trade imbalances significantly contribute
to global emissions as they allow large current account deficit countries such as the US to main-
tain a particularly high consumption footprint and, most importantly, large fossil fuel exporters
such as Qatar or Australia to sustain their huge extraction footprints.
Summarizing, the presented data on emissions embodied in trade indicate that the wedge

between territorial environmental impact and environmental footprints is gaining importance.
The discussed studies show thatMIRO-based analysis and quantitativemodels considering global
value chains start to be used to obtain a more detailed view on emissions embodied in trade.
These are shown to be driven bymany factors including international consumption choices, trade
structure and imbalances and the development of carbon intensities of traded goods. The existing
studies shed light on aspects that have previously received less attention. However, the analysis
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FELBERMAYR et al. 1153

so far is still fragmented, and the policy implications remain unclear. Also, there is a strong focus
on methodological issues.
While we summarize a few additional studies related to the link between trade and climate

policy and emissions in the following sections, we generally see scope for a more systematic and
broader analysis of how emissions and other environmental impacts embodied in trade are shaped
and how this knowledge could contribute to efficient and effective trade and environmental poli-
cies. Furthermore, considering the wedge between production and consumption emissions, the
role of consumer preferences in shaping embodied emissions has so far received surprisingly
little attention. The most promising avenue for future research is to use the increasingly acces-
sible methodologies and data for improved analysis and modeling of the drivers of emissions and
environmental impacts embodied in trade. This implies large potential for IO-table based quan-
titative trade models, in particular computable general equilibrium (CGE) and structural gravity
models to focus more on emissions along global value chains and to assess their interaction with
environmental and trade policy, a topic addressed in the next sections.

3 IS INTERNATIONAL TRADE BAD FOR THE ENVIRONMENT?

The last section has shown that many environmental impacts are embodied in trade. Yet, this
descriptive analysis is silent about the causal effects of policies and whether trade per se is good
or bad for the environment.

3.1 Effects of trade and trade liberalization on emissions

A 20-year-long tradition of studies has studied the effects of trade and trade liberalization on emis-
sions by empirically relating broad trade openness measures to environmental outcomes. Two
prominent examples of this literature are Antweiler et al. (2001) and Frankel and Rose (2005).
Antweiler et al. (2001) find that international trade has only small effects on sulfur dioxide (SO2)
emissions through composition effects, but the trade-induced technique and scale effects imply
that trade overall leads to a net reduction in SO2. The estimations of Frankel and Rose (2005) do
not allow to identify the mechanisms of the impact of trade on different measures of environmen-
tal quality (SO2, N2O, particulate matter, CO2, deforestation, energy depletion, rural clean water
access) but the authors conclude that “trade appears to have a beneficial effect on some measures
of environmental quality, though not all, ceteris paribus. The effect is particularly beneficial for some
measures of air pollution, such as SO2.” Also, they find little evidence that trade has a detrimental
effect overall and reject the hypothesis of an international race to the bottom driven by trade.
Yet, in their meta-study of 88 empirical studies published until 2018, Afesorgbor and Demena

(2022) find that trade openness increases emissions. They stress the importance of making trade
policies more compatible with sustainable environment policies by incorporating environmental
decision-making into trade policy formulation. When separating their analysis for CO2 (a global
pollutant) and SO2 (a local pollutant), they can confirm the overall significant effect of trade on
emissions only for CO2.
Following the seminal contribution of Melitz (2003), a more recent literature has taken a dis-

aggregate perspective. Using models with heterogeneous firms, it investigates how international
trade is shaped by firms with heterogeneous productivities and how trade policies affect firms’
behavior on domestic and foreign markets. As is evident from Cherniwchan et al. (2017)’s review
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article, (i) firm-level heterogeneity potentially plays an important role in determining the effects
of trade on the environment, (ii) the trade and environment literature appears to lag the trade lit-
erature in shifting its focus toward studying firm-level behavior, and (iii) first contributions in this
area have already uncovered important relationships. In the following, we briefly summarize the
main theoretical findings, followed by results of econometric analysis and quantitative modeling.
Kreickemeier and Richter (2014) are the first to consider a Melitz-type trade and environment

setting. In their theoretical framework, trade liberalization affects emissions in two ways: the
increase in overall production leads to an increase in emissions (a scale effect) and the reallo-
cation of production toward more efficient firms lowers emissions as these firms are also less
pollution-intensive (a new so-called reallocation effect). Therefore, trade liberalization has an
ambiguous overall effect on environmental outcomes, depending on the exact relative pollution
intensities of firmswith different productivity levels. Cherniwchan et al. (2017) additionally incor-
porate endogenous abatement by firms and show that the environmentally beneficial reallocation
effect may be reinforced by rising abatement investments of those firms that gain from trade liber-
alization. Forslid et al. (2018) model emission intensities to vary only between heterogenous firms
because of varying abatement investments. More productive firms are larger and invest more in
abatement technologies as they have more to gain from lowering their emission intensities. Trade
liberalization leads to a reallocation of production factors toward larger firms that are sufficiently
productive to pay the fixed exporting costs. On the one hand, this leads to higher production and
hence higher emissions. On the other hand, these firms invest more in abatement so that their
production is less emission-intensive. When trade liberalization allows them to grow, they find it
optimal to invest even more into abatement. In the symmetric two-country setting and under the
assumptions of a Pareto distribution and a specific functional form for the relationship between
abatement investment and emission intensity, the scale effect and the additional abatement effort
due to trade liberalization exactly cancel each other. Chang et al. (2022) consider a frameworkwith
heterogeneous firms and endogenous markups following Melitz and Ottaviano (2008) and stress
that the resulting pro-competitive effect of trade liberalization reinforces the shift toward more
productive and less pollution-intensive firms. The central ingredient in most theoretical frame-
works investigating the role of firms for the trade-environment nexus is thatmore productive firms
are less emission-intensive. In some models, this is incorporated as an assumption, in others it is
the endogenous outcome of firm-level abatement decisions. As these models imply that only the
most productive firms become exporters, they generate the empirically testable implication that
exporters are cleaner in the sense that they emit less per unit produced.
The empirical literature in this area has been pioneered by Holladay (2016). The author uses

US data from the National Establishment Times Series and the Environmental Protection Agency
(EPA)’s Risk-Screening Environmental Indicators (RSEI) to estimate how exporting status affects
toxic releases at the plant level. He finds that exporters pollute about 10% less than non-exporters,
though with considerable heterogeneity across different types of pollutants and industries. Addi-
tionally, in a logit regression with the same sets of fixed effects, he finds that higher import
competition drives small, relatively pollution-intensive firms out of the market.
Cui et al. (2016) and Cui and Qian (2017) also consider micro-level evidence for US producers.

They investigate the effect of firms’ exporting status on the emissions of local pollutants. Cui
et al. (2016) find supporting evidence for exporters being cleaner, while Cui and Qian (2017) find
a similar pattern in some sectors, but also estimate that in some sectors exporters produce more
pollution-intensively. They link the sectoral heterogeneity to a number of industry characteristics,
finding that a higher overall level of abatement capital expenditure widens the gap between
exporters and non-exporters, while fiercer import competition makes the emission intensity of
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exporter and non-exporters more similar. Moreover, a higher wage level in the industry also
increases exporters’ relative pollution intensity.
Using Chilean data, Blyde and Ramirez (2021) investigate whether the export destination mat-

ters for the effect on pollution. They find that the richer the destination market, the stronger the
pollution reduction effect of exporting.
Batrakova and Davies (2012) use data from the Irish Census of Industrial Production to assess

the effect of being an exporter on pollution. They proxy pollution by firm-level energy use, since
they do not have firm-level pollution data. They find that the effect of becoming an exporter
depends on the prior level of energy intensity: relatively “clean” producers increase their energy
use when exporting as the export decision mainly entails a scale effect on their produced quanti-
ties,while energy use goes down for relatively “dirty” (i.e., previously energy-intensive) producers,
as the scale effect is overcompensated by a technique effect due to cleaner production technologies
that become worthwhile because of the exporting opportunity.
Focusing on global rather than local pollution, Cole et al. (2013) were the first to empirically

consider the effect of exporting on carbon intensity. Using a cross-section of Japanese firms in
2006, the authors assess a wide range of determinants of firm-level carbon emissions, including
the share of output that is exported. Their results indicate that, at the firm-level, emissions are
decreasing in the export share.
Richter and Schiersch (2017) combine four German administrative datasets to create a panel

of German manufacturing firms for the period 2003–2011. They find that the carbon intensity
decreases in the export intensity. As their approach controls for productivity differences, this find-
ing is in support of endogenously higher abatement investments by exporters rather than a purely
exogenous link between productivity and emission intensity.
Barrows and Ollivier (2021) consider the carbon intensity of exporting firms in a developing

country context. Specifically, they use firm-level data on almost 8000 Indian firms for the period
from 1995 to 2011 and investigate how these firms react to foreign import demand shocks. They
find that firms’ emissions go up due to a scale effect, but this increase is mitigated by about 50%
due to a counteracting decrease in emission intensity.
Using a panel of 1500 Swedish manufacturing firms from 2004 to 2011, Forslid et al. (2018) also

find that exporting firms produce less carbon-intensively than non-exporters. The Swedish data
set allows the authors to explicitly consider the abatement investment channel. They find that
exporting firms invest significantly more in cleaner technologies. In considering the mechanism
behind the firm-level technique effect that leads to lower emission intensity for exporters, Forslid
et al. (2018) can be connected to the literature on exporting and environmental innovation. Con-
sidering firm-level data from individual countries, Cainelli et al. (2012) do not find evidence that
exporting has a significant effect on environmental innovation in Italy, while Girma and Hanley
(2015) use data on UK firms and do find a positive effect. These positive effects are confirmed in
a sample of firms from 14 European countries by Hanley et al. (2022), who additionally distin-
guish process- and product-based environmental innovations and show that the positive effect
is entirely driven by process-based innovation and is particularly strong for firms that export to
markets with stringent environmental policies in place.
While—in line with the Melitz-type theoretical focus—most of the empirical firm-level liter-

ature focuses on the export status of firms, there are some studies considering both the export-
and the import side (see Cherniwchan, 2017, and Holladay, 2016, above). There are also a cou-
ple of studies focusing specifically on the import side. Gutiérrez and Teshima (2018) analyze
Mexican plant-level reactions to increased import competition and find that firms react with
increased energy efficiency and lower emissions. Akerman et al. (2021) consider a different import
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dimension, namely the import of intermediate goods. Using data from Swedish manufacturing
firms, they find that intermediate input imports increase productivity and in turn lower emission
intensity.
In summary, the theoretical and empirical literature gives strong evidence that international

trade decreases the emission intensities of firms. Trade affects pollution of domestic firms through
import competition. And it affects pollution of exporting firms through competition on inter-
national markets. Yet, we see a large potential for more empirical research using trade policy
variation which is exogenous to the individual firm (cf., e.g., the study by Cherniwchan, 2017,
discussed in the next subsection). This has the potential to mitigate endogeneity concerns due to
firms’ self-selection into exporting. Additionally, while the literature is largely in agreement that
exporting firms are less emission-intensive, more research on the mechanisms that generate this
outcome is needed. This will also help in feeding the empirical insights into quantitative models.
Finally, empirical studies can say little about overall effects of trade, e.g. through scale effects. This
is something quantitative trade models can do.
Shapiro and Walker (2018) incorporate Melitz-type heterogeneous firms with endogenous

abatement into a quantitative general equilibrium framework to study the drivers of the decline
in air pollution of US manufacturing firms (including carbon monoxide, NOx, and particulate
matter) between 1990 and 2008. Using a statistical decomposition of pollution changes akin to
Levinson (2009), but disaggregated to the product rather than only industry level, they show that
(i) based on the change of the overall scale of production, pollution should have increased rather
than declined, (ii) changes in the composition of the productmix cannot explain the observed pol-
lution pattern either, and (iii) technique effects (i.e., changes in how production is done, rather
thanwhat or howmuch is produced) are responsible for the observed strong decline. To bring their
Melitz-type quantitative trade and environment model to the data, the authors combine industry-
level data from theOECD STANdatabase and theWIODdatabase (Timmer et al., 2015) withmore
detailed firm-level data from the United States, including from the US Census Bureau’s Annual
Survey of Manufactures and the US EPA and Census Bureau’s Pollution Abatement Costs and
Expenditures survey. They extract the shocks to US and foreign competitiveness, to US expendi-
ture shares, and to US environmental regulation from the data. They use their quantitative model
tomeasure the effects of these shocks onUS pollution, separately introducing each of these shocks
while keeping the other factors at their 1990 levels. Regulatory changes in the US are found to be
by far the most important driver of the observed decline of pollution. In contrast, changes linked
to the international trade channel via competitiveness shocks are found to play only a small role.
Overall, accounting for firm-level heterogeneity in quantitative general equilibrium models

remains the exception rather than the rule. While Shapiro and Walker (2018) take an important
first step, their model has limitations, because it does not incorporate input-output linkages or
model an energy market. We think that richer models that incorporate the empirical findings
from the firm-level studies can enhance our understanding of the role firms play in shaping the
effect of international trade on the environment in general equilibrium. Presently, the literature
cannot yet offer a conclusive answer.

3.2 Effects of trade agreements and specific trade policies

Up to this point, we focused our discussion on papers that consider the effects of trade, trade open-
ness, and trade liberalization. We now discuss the literature that considers specific trade policies
and trade policy patterns.
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FELBERMAYR et al. 1157

Shapiro (2021) considers sectoral patterns in both tariffs and non-tariff barriers to trade. He
identifies that both types of trade barriers are higher, the further downstream (i.e., closer to the
final consumer) an industry is positioned in the value chain. At the same time, more upstream
industries are more pollution-intensive. Therefore, currently implemented trade policies favor
trade of relatively dirty products. His finding reflects tariff escalation (i.e., the fact that tariffs tend
to be higher for more downstream goods). Hence, it is due to the positioning in the value chain
rather than the products’ carbon intensity. Unintentionally, however, the combined pattern of
sectoral trade policy differences and emission intensities leads to a substantial implicit carbon
subsidy. Therefore, more symmetric trade policies for different industries along the value chain
would lower global emissions.
A classic trade policy and one of the most studied policies in the empirical international trade

literature, is the signing of regional trade agreements. Nemati et al. (2019) consider the effects of
Mercosur, the North American Free Trade Agreement—NAFTA, and the Australia-United States
Free Trade Agreement on greenhouse gas emissions. They find that the agreements are not envi-
ronmentally detrimental if concluded between high-income countries (US—Australia) and are
able to lower per capita emissions if concluded between developing and emerging economies
(Mercosur). NAFTA, an agreement between countries at very different development stages,
appears to have increased greenhouse gas emissions. Specifically, they find that while NAFTA
did not affect US and Canadian emissions, it led to an increase in Mexican emissions.
In a more disaggregated view, Cherniwchan (2017) considers the plant-level emission effects in

theUS forNAFTA.He estimates the effects of tariff changes both on the export and the import side
on different types of pollution, using the tariff changes induced by the entry into force ofNAFTAas
identifying variation. He finds robust evidence thatMexican tariff cuts and the resulting increased
exporting opportunities for US plants lower pollution in these US plants. On the other hand,
there is no clear and significant pattern for the effects of lower US tariffs and potentially resulting
increased import competition from Mexico on US plants’ emissions.
L. W. Davis and Kahn (2010) study the effects of NAFTA on vehicle trade between the US and

Mexico. They find that traded vehicles have higher emissions of local pollutants per mile than
the average US vehicle, and lower emissions than the average Mexican vehicle. Overall, however,
NAFTA increases total lifetime emissions, primarily because of low vehicle retirement rates in
Mexico.
Other studies have used quantitative models to undertake ex-post and ex-ante assessments of

individual trade agreements. In an ex-post evaluation study of the EU-Korea free trade agreement,
based on the trade model of Aichele et al. (2016), the European Commission (2018) has found that
trade creation between the relative clean partner countries and trade diversion away from earlier
(dirtier) trade partners led to a small overall reduction in greenhouse gas emissions. In an ex-
ante analysis of the African Continental Free Trade Agreement, Bengoa et al. (2021) use a CGE
model to assess the environmental impact They find negligible changes in CO2, but a substantial
increase of about 20% in other greenhouse gas emissions and a decrease of the samemagnitude in
other pollutants. Tian et al. (2022) use a Caliendo and Parro (2015)-type quantitative trade model
to estimate the future CO2 effects of the Regional Comprehensive Economic Partnerships (RCEP)
among the 10 countries of the Association of Southeast Asian Nations (ASEAN), China, Japan,
South Korea, Australia, and New Zealand by modeling RCEP tariff reductions or elimination.
Under complete tariff elimination among RCEP members global CO2 emissions would increase
by about 3% annually.
Overall, the literature on the effects of regional trade agreements demonstrates the hetero-

geneity of environmental effects across agreements, member countries, pollutants, and trade
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1158 FELBERMAYR et al.

directions. It is thus far from a consensus on “the” environmental effect of trade agreements.
In our view, there is a large potential for a systematic evaluation of the drivers of the observed
heterogeneity.
Another strand of literature that has the potential to explain some of the heterogeneity in

the environmental effects investigates the different designs of the agreements. Trade agreements
increasingly include explicit environmental provisions. This has spurred corresponding empiri-
cal investigations. In a country-level analysis, Baghdadi et al. (2013) estimate whether countries
that sign trade agreements containing more environmental provisions, do indeed pollute less.
They find significant evidence for the provisions’ effectiveness. On the bilateral level, Brandi
et al. (2020) investigate whether environmental provisions affect the size and product patterns
of bilateral trade flows. Estimating gravity specifications, they find that the provisions lower
pollution-intensive exports from developing countries, while fostering green exports. On the
agreement level, Abman et al. (2021), find that while the entry into force of regional trade agree-
ments tends to lead to more deforestation, this effect is offset if the trade agreement contains
environmental provisions on forest protection and/or biodiversity.
Overall, the young literature on environmental provisions in trade agreements has already gen-

erated interesting empirical patterns using econometric methods, but these estimates have so far
not been used to inform policy scenarios in quantitativemodels that consider general equilibrium
adjustments. This is a promising area for future research.

4 DOES TRADE HINDER THE EFFECTIVENESS OF
ENVIRONMENTAL POLICY?

In this section, we turn to the questions how trade affects environmental policy outcomes and
how trade policy can react to these effects.

4.1 Production reallocation, pollution havens, and emission leakage

Research on the linkages between environmental policy and trade dates back at least to the mid-
1970s and originally focused on the “pollution haven hypothesis.” This hypothesis predicts that
countries with relatively weak environmental regulation attract pollution-intensive production
or that, vice versa, countries with relatively strong environmental regulation experience the relo-
cation of pollution-intensive industries and related trade flows. Emission leakage, that is the
relocation of emission-intensive production to countries with lower explicit or implicit emission
prices or emission policies is a special case of the pollution haven hypothesis.
The phenomenon of leakage is a manifestation of the pollution haven effect. It is of particu-

lar relevance in the context of climate policy and carbon emissions. Theoretically, there are three
main channels for leakage (Copeland et al., 2021). The first channel is related to competitiveness
effects of environmental policy which directly or indirectly raise costs of polluting industries.
Through shifting trade patterns, offshoring, and foreign direct investment this can potentially
cause production to relocate abroad. The other two channels exist mainly for climate policy,
which reduces demand for fossil fuels and thus fossil fuel prices on internationalmarkets. In turn,
this increases the demand for fossil fuels in countries without restrictions (second channel) and
incentivizes producers in other countries to increase their production to sell resources while still
possible (third channel or Green Paradox). Thus, trade is closely linked to pollution haven effects
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FELBERMAYR et al. 1159

and emission leakage. Moreover, the more trade-exposed a sector is, the stronger the first leakage
channel. In addition to the trade-driven production relocation and the fossil fuel market leakage,
there are further channels through international technology spillovers (Gerlagh and Kuik, 2014)
and reduced climate damages (Franks et al., 2022) but these are not trade-related and thus not in
the focus of this paper.
Pollution haven effects in general are traditionally measured using econometric approaches

surveyed by Jaffe et al. (1995) and later Brunnermeier and Levinson (2004) and Copeland and
Taylor (2004). Brunnermeier and Levinson (2004) conclude that “[t]he early literature, based on
cross-sectional analyses, typically concludes that environmental regulations have an insignificant
effect on firm location decisions. However, recent studies that use panel data to control for unob-
served heterogeneity, or instruments to control for endogeneity, find statistically significant pollution
haven effects of reasonable magnitude. Furthermore, this distinction appears regardless of whether
the studies look across countries, states, countries, or industries, or whether they examine plant loca-
tions, investment, or international trade patterns.” In line with this, Copeland and Taylor (2004, p.
48) conclude “after controlling for other factors affecting trade and investment flows, more stringent
environmental policy acts as a deterrent to dirty-good production.” A prominent example of such
studies is Levinson and Taylor (2008) who use US data on 130 manufacturing industries and ana-
lyze the impact of US environmental regulation on trade with Canada andMexico. They find that
sectors where abatement costs increase most see the largest increases in imports. Yet, again using
US data, Ederington et al. (2005) show that it seems to be international mobility that affects inter-
national trade flows and that less pollution-intensive industries that are more labor-intensive and
geographically “footloose” are more affected. Very recently Tanaka et al. (2022) provide evidence
for another case of a pollution haven effect due to the tightening of the US airborne lead standard
which shifted battery recycling to Mexico and had negative health impacts for infants near the
recycling plants.
More specifically, econometric studies of carbon leakagemakeuse of data on the carbon content

of trade. As discussed in Section 2 such data already directly hint at increased outsourcing of
emissions in rich countries. Supported by Peters andHertwich (2008)who find that countrieswith
emission reduction commitments under the Kyoto Protocol (Annex 1 countries) are net importers
of emissions from countries that do not have such commitments (non-Annex 1 countries), this is
potentially driven by climate policies. Examples of more sophisticated studies on the drivers of
the carbon content of trade include Aichele and Felbermayr (2012, 2015) and Naegele and Zaklan
(2019).
Aichele and Felbermayr (2012) use a large panel of countries and an instrumental variables

estimator to identify the causal effects of ratified and binding Kyoto commitments on carbon foot-
prints and territorial emissions. While the Kyoto commitments reduced territorial emissions by
about 7%, they had no effect on carbon footprints and the ratio of imported emissions relative to
territorial emissions increased by about 14 percentage points. This is consistent with carbon leak-
age. Using a panel of the carbon content of bilateral trade flows, Aichele and Felbermayr (2015)
make the role of international trade more explicit. They use a gravity equation, which accounts
for domestic and imported intermediate inputs, and also deal with the non-random selection of
countries into the Kyoto Protocol. Consistent with leakage, they find that binding commitments
have increased committed countries’ embodied carbon imports from non-committed countries
by around 8% and the emission intensity of their imports by about 3%. Naegele and Zaklan (2019)
also use a gravity equation for the CO2 content of trade, to analyze how the European Emissions
Trading Scheme (EU ETS) affects trade and carbon flows and find no evidence that the EU ETS
caused carbon leakage.
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1160 FELBERMAYR et al.

On the sectoral level, Branger et al. (2017) estimate an equation linking imports of cement
and steel to foreign and local demand (proxied by output indices) and the domestic carbon price
derived from an analytical model. They use autoregressive integrated moving average (ARIMA)
regressions and Prais-Winsten estimation to analyze the impact of the EU ETS on the cement and
steel sector in the EU27 but find no evidence of carbon leakage. Verde (2020) provides a recent
survey on the econometric evidence about the impact of the EU ETS on competitiveness and car-
bon leakage for which he reviews 35 studies and concludes that at least for the first two phases
of the EU ETS until 2012 “there is no evidence of the EU ETS having had widespread negative or
positive effects on the competitiveness of regulated firms, nor is there evidence of significant carbon
leakage.” They attribute this to “the combination of low-to-moderate carbon prices and generous
free allocation, which to a varying degree has characterized the first two trading periods and a good
part of Phase III.”
Felbermayr and Peterson (2020) identify three general problems of econometric ex-post studies.

First, the linear (logarithmic) approximations imply that the findings based on historical data can
say little about the effects of more stringent policies since—especially in the presence of fixed
costs—effects of climate policies on economic outcome variables can increase disproportionately.
Second, to identify effects, the studies compare sectors, regions or industrial installations that are
subject to different degrees of policy stringency and cannot capture the effects of measures that
affect all units of observation. Third, it is unclear if results for specific policies can be transferred
to other sectors, regions and/or time periods. For example, findings of the effects of the EU ETS
on French manufacturing cannot be transferred to the German manufacturing sector or even the
effects of the very different Californian Cap and Trade system onCalifornian industry. In contrast,
quantitative studies can analyze specific policies and to address potential reverse causality (e.g.,
net exporters of carbon have little interest in adopting climate policies). A key indicator assessed
in many quantitative studies is the leakage rate, which measures the share of domestic emission
reductions that is offset by emission increases abroad.
Often, leakage rates that are found in CGE studies are significantly higher than those implied

by the empirical studies. To some degree, this can be attributed to the fact that most empiri-
cal studies work with data from time periods in which climate policies have not yet been very
stringent. Model-comparison studies (Böhringer, Balistreri et al., 2012), meta-studies (Branger &
Quirion, 2014) and recent reviews (Carbone & Rivers, 2017) show that the leakage rate in studies
based on quantitative trade models typically varies between 5 and 30%with some outliers on both
sides. Studies find that the leakage rate increases with the stringency of mitigation targets and
decreases with the size of the coalition jointly undertaking climate policy (see Thube et al., 2021
for more details). Branger and Quirion (2014) investigate the role of model assumptions. They
show that higher trade elasticities increase leakage. This finding is strengthened by the study
of Böhringer et al. (2017) that includes scenarios with different trade elasticities. Furthermore, a
study by Balistreri et al. (2011) shows that incorporating the role of firms into CGEmodels makes
a difference. They incorporate three different assumptions on the motivation for international
trade in a small set of emission-intensive tradable sectors into the CGE model of Balistreri and
Rutherford (2013). Specifically, they contrast the implications of neoclassical Heckscher-Ohlin-
type relative endowment differences, Armington-type national product variation, andMelitz-type
monopolistic competition frameworks with heterogeneous firms. Trade adjustments and hence
carbon leakage rates are found to be much stronger in the Heckscher-Ohlin and Melitz settings.
To achieve the same overall emission reduction, abatement must be more intense than in the
Armington framework. This has also implications for the stability of climate coalitions discussed
in Section 4.2.
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FELBERMAYR et al. 1161

Sector-level studies are mostly based on partial equilibrium models; see World Bank (2015) for
an overview; prominent studies includeDemailly andQuirion (2006) and Fowlie et al. (2016). This
work typically focuses on the most vulnerable sectors like cement, clinker, steel, aluminum, oil
refining and electricity sectors and, among other things for methodological reasons, finds higher
leakage rates at least for some policy instruments. Sometimes leakage rates can even be over 100%.
In contrast, Branger and Quirion (2014) report statistically significantly higher leakage rates for
CGEmodels than partial equilibriummodels and suggest that this is the case since they cover the
competitiveness channel and the predominating international fuel price channel, whereas partial
equilibrium models typically only include the first one. Yet, both types of studies cannot capture
the potential technology spillovers and thus tend to overestimate leakage (Gerlagh & Kuik, 2014).
In a theoretical contribution, H. Egger et al. (2021) study the role of firms in shaping the

influence of international trade on the effectiveness of environmental policy. In a setting with
two asymmetric countries with heterogeneous firms, the regulating country’s emissions are—
unsurprisingly—lowered by an increase in the emission tax. This decrease is driven by a scale
effect and a two-fold technique effect: each firm produces less pollution-intensively due to the
higher emission price and the least productive (i.e., dirtiest firms) are driven out of the market as
their profits can no longer cover their fixed costs. The reduction is less strong in the open economy
as the export opportunity dampens the market size reduction effect of the tax. Interestingly, emis-
sions in the nonregulating country are also found to decrease, that is, there is a negative leakage
rate, driven by a shift toward labor inputs in the nonregulating country as wages decline due to
reduced export opportunities.
What is to some degree striking is, that there are relatively few studies with quantitative trade

models that analyze the implications of specific climate policies on emissions along value chains
and the carbon content of trade as an important channel of carbon leakage. This is the case, even
though such models could in principle rather easily do so. A few studies based on CGE mod-
els related to border carbon adjustment (BCA) are discussed in the following Section 4.2. which
derive emissions embodied in trade along the entire value chain to model full BCA. Examples
are the studies by Böhringer, Bye et al. (2012) and Böhringer et al. (2018). Beyond BCA, Wu et al.
(2022) use a CGE model with a carbon flow decomposition analysis to trace pathways of carbon
leakage related to the targets of the Paris Agreement (the so-called Nationally Determined Contri-
butions, NDCs). They find that the NDCs hardly change net trade of embodied emissions in most
developed economies, but present some detailed results on howCO2-emissions embodied in gross
bilateral trade, CO2-emissions related to domestic production, CO2-emissions embodied in final
consumptions and derived CO2-emission leakage react to the implementation of the NDCs in dif-
ferent countries. For the EU, for example, the EU NDCs hardly affect CO2-imports but induce
both production-based and consumption-based CO2-emissions to decline significantly. Meeting
the European NDCs also implies a significant reduction of carbon outflow to other economies. In
China, for another example, the global implementation of the NDCs implies a large decline in its
CO2-emissions embodied in net exports.
Overall, one can conclude that the relocation of environmental pollution as a result of environ-

mental policy is supported by sufficient empirical and model-based evidence to be considered a
real danger. To better understand these phenomena there are different areas for future research.
Related to methodological approaches, one could learn more from incorporating firm-level
dynamics into quantitative trade models. The study by Balistreri et al. (2011) shows that this can
make a difference. Furthermore, the potential of quantitative trademodels that have the capability
for national carbon accounting alongmultiple dimensions could be used to assess a broader set of
climate policies. Traditionally, climate policy has a strong focus on reducing territorial emissions.
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1162 FELBERMAYR et al.

A consideration of the whole global value chain allows an assessment of which policies succeed
in reducing domestic production footprints without counteracting movements in the consump-
tion and/or extraction footprints and how policies need to be designed to maximize welfare. More
generally it remains important to systematically assess the effects of new discussed, planned or
implemented polices both empirically and through quantitative trade models and to gain better
understanding when relocation takes place and what is driving this. For example, there still is no
study of the EU ETS reflecting the strong increases of carbon prices to 80€/tCO2 or more since
2021. However, it is most relevant to better understand how to address environmental relocations.
This is addressed in the following subsection.

4.2 Trade policies and alternatives to mitigate emission leakage and
achieve optimal environmental policy

The broader question of the relation between trade policies and pollution or emissions abroad
dates back to theoretical work of Markusen (1975). He shows that given that there is no pollution
policy in a foreign country, the optimal domestic policy is to address domestic pollution through
pollution policy and to use import tariffs to target foreign pollution. Besides the “usual” com-
ponent to reduce import prices, a second component of the optimal tariff is intended to reduce
foreign pollution. This work has been extended, for example, to multiple polluting goods (Hoel,
1996) or to tariffs on emissions embodied in trade that are shown to dominate tariffs based on the
value of imports (Copeland, 1996). Copeland et al. (2021) stress two main concerns derived from
this literature: First “If the export supply curve facingHome is very elastic, thenHome’s optimal tariff
is low because it creates distortions at Home but does not have much of an effect on foreign pollution.
[. . . ] And second, because the tariffs lead to a Foreign terms-of-trade deterioration, it redistributes
income from Foreign to Home.”
Again, a large strand of literature uses quantitative trade models to study carbon leakage.

Among the instruments to address carbon leakage, BCA received most attention. Full BCA
implies that the carbon content of imports is pricedwith the same carbon prices that are applied to
domestic firms and that domestic firms are refunded for the carbon costs of their exported goods.
This levels the playing field both on the domestic and the foreign market. Ghosh et al. (2012)
or Lanzi et al. (2012) assess such full BCA. Other studies, such as Kuik and Hofkes (2010) and
Winchester et al. (2011) include scenarios that only assess import tariffs without export rebates.
Furthermore, some scenarios include the full carbon content of trade (Ghosh et al., 2012), oth-
ers only direct emissions and/or emissions from electricity use (Böhringer, Balistreri et al., 2012;
Lanzi et al., 2012; Weitzel et al., 2012). In their meta-analysis Branger and Quirion (2014) estimate
effects of BCA based on many Partial Equilibrium and CGE-model-based studies, also includ-
ing the multi-model-study described in Böhringer, Balistreri et al. (2012). They find that BCA
would reduce the leakage rate on average by 6 percentage points and in most cases the reduc-
tion is between 1 and 15 percentage points. Yet, there are outliers where BCA generates negative
leakage rates. Mathiesen and Maestad (2004) use a partial model of the global steel market and
find a negative leakage rate for a scenario where a border tax is introduced in the countries with
Kyoto commitments at the same level as the assumed 25 USD/tCO2 domestic carbon tax and
where the border tax is applied to the average emissions per unit of output in the countries with-
out Kyoto commitments. McKibbin et al. (2008) use an intertemporal general equilibrium model
of the world economy to assess scenarios where either the US or the EU implements a carbon
tax either with or without BCA. The implemented tax starts at 20 USD/tCO2 in 2010 and rises
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FELBERMAYR et al. 1163

to 40 USD/tCO2 in 2040 and the BCA applies to the actual carbon content of imports. In both
BCA scenarios leakage rates are negative. Neither of the papers provides an explanation for these
findings.
Results of more recent studies (Antimiani et al., 2016; Böhringer et al., 2017; Larch & Wanner,

2017; Mahlkow et al., 2021) also fall in the range of results reported in Branger and Quirion (2014).
Böhringer et al. (2017) stress that the negative leakage rate for BCA stems from the fact that energy
market effects are not considered. Since policies can only target the trade channel of leakage, but
cannot affect energy market effects, BCA is typically unable to completely offset leakage. Burni-
aux et al. (2013) thus find that BCAwould bemore effective in terms of reducing leakage for rather
small coalitions which have less influence on global fossil fuel prices. Farrokhi and Lashkaripour
(2021) use a multi-country, multi-industry, general equilibrium trade model featuring abatement
technology, scale economies, and transboundary carbon externalities to analyze the potential of
strategically set BCA to affect pollution abroad. One core finding is that BCA can achieve only
1% of the CO2 reduction attainable under globally first-best carbon taxes. Note, however, that the
carbon border taxes considered by Farrokhi and Lashkaripour (2021) are optimal tariffs taking
into account both terms-of-trade effects and the carbon externality, but are applied to all trading
partners irrespective of the partners’ climate policies. Another view is added by Larch and Wan-
ner (2017) who use a structural gravity model to assess the indirect carbon taxes world-wide and
then assume that carbon tariffs are implemented which account for bilateral differences in these
implicit taxes. If these were implemented, global emissions would decrease by 0.5%.
Few studies (Böhringer, Carbone et al., 2012; Böhringer et al., 2017; Fischer & Fox, 2012; Lanzi

et al., 2012; Monjon & Quirion, 2011) analyze further anti-leakage instruments such as output-
based allocation where the number of free permits in an emissions trading scheme depends on
the level of economic output, industry exemptions of carbon pricing, offsets or consumption taxes
that apply both to domestic and foreign firms which levels at least the domestic playing field. The
evidence is that, among the explicit anti-leakage instruments, BCA is usually the most effective
instrument to address leakage.
BCA also usually negatively affects the welfare of countries outside a climate coalition of coun-

tries jointly undertaking climate policy. This provides incentives for them to join the coalition.
Such incentives are analyzed using stylized or parameterized game-theoreticmodels (reviewed by
Al Khourdajie & Finus, 2020) and a few CGE models (Böhringer et al., 2016; Weitzel et al., 2012).
Parametrized game-theoretic frameworks serve for illustrative purposes only (as in Al Khourdajie
& Finus, 2020) or they are based on outcomes of larger numerical models. In the context of BCA
this has been done with quantitative trade models (Farrokhi & Lashkaripour, 2021) and growth
models (Nordhaus, 2015). There is also the idea that more general trade sanctions and in particu-
lar import tariffs can enforce cooperation in climate policies. Earlier literature on this is reviewed
by Lessmann et al. (2009). The idea of a climate coalition or climate club stabilized by tariffs was
pushed especially by the seminal paper of Nordhaus (2015).
The results of these studies are mixed. Al Khourdajie and Finus (2020) conclude that BCA

can act as a credible threat and has the potential to increase global cooperation in different spe-
cific settings and using different stability concepts for coalitions. This is confirmed by the recent
study of Farrokhi and Lashkaripour (2021) that parameterize a non-cooperative Nash outcome
with their above- mentioned quantitative trade model. They find that strategically set tariffs can
successfully deliver a globally first-best outcome. In the first-best, all countries tax carbon at the
global marginal damage and global CO2 emissions are reduced by 61%. One necessary condition
for this solution to materialize is that both the EU and the US commit to be core members of
the club. The second condition is that the tariff level is not bound to the carbon content of trade.
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1164 FELBERMAYR et al.

Then, the clubmembers can credibly threaten tariffs to all outsiders that are sufficiently high that
any country prefers to incur the pain of domestic climate policy in order to avoid the larger pain
of high trade barriers to important destination markets. Böhringer et al. (2016) find that carbon
tariffs (based on direct emissions from the burning of fossil fuels in the production of imported
goods as well as the indirect emissions embodied in the electricity inputs to that production pro-
cess) induce China and Russia to join a coalition of industrialized countries, but the remaining
model-regions retaliate through implementing tariffs themselves. These key findings hold for dif-
ferent emission reduction targets of the coalition and different key parameters of the CGEmodel.
Weitzel et al. (2012) find that no matter how high border taxes are India and Least Income Coun-
tries never have an incentive to join a coalition that contains the major industrialized countries.
For China and Middle-Income Countries, the tax rates must be respectively 10 to 6.6 times larger
than the carbon price in the coalition. Only Russia and the energy exporting model-regions have
an incentive to join. Yet, international compensating transfers in the form of additional emission
allowances are found to be a more efficient instrument (regarding coalition welfare) to create a
stable global (grand) coalition than BCA. A drawback of the two CGE papers is, as Al Khourdajie
and Finus (2020) put it, that the underlying stability concept is seriously simplified and only the
stability of the grand coalition and a group of industrialized countries is analyzed.
Nordhaus (2015) combines game-theoretic analysis with quantitative modeling using his

growth model DICE. In his study BCA only induces more ambitious climate policy outside the
coalition for very low carbon prices and already for a price of above 10USD/tCO2, the climate club
decreases to two regions. In line with Lessmann et al. (2009) broader trade tariffs would be more
effective to induce cooperation. In Nordhaus (2015) even a tariff rate of 1% induces high partici-
pation for a carbon price of 12.5 USD/tCO2. The rate increases for higher carbon prices and for a
price of 100 USD/tCO2 full participation is not achieved even with the highest tested tariff rate of
10%. Region-wise, Canada and the EU participate in 83% of the analyzed 40 regimes while Japan,
Latin America, Southeast Asia, sub-Saharan Africa and USA participate in 70% of coalitions. Rus-
sia, China, Brazil India, South Africa and Eurasia participate only in 45 – 63% of cases. In 68% of
regimes, we see all model-regions participating. The countries joining the coalition are those with
low abatement costs, low carbon-intensity, high damages, and high trade shares.
Farrokhi and Lashkaripour (2021) use a quantitative multi-country, multi-industry general

equilibrium framework with homogeneous firms modeled as in Krugman (1980) to characterize
optimal policies that account for firm-level adjustments. Themodel is used to assess the feasibility
of Nordhaus (2015)’s climate club proposal, as well as the potential of optimally set carbon tariffs
to reduce global emissions. They find that a climate club based on EU and US core participation
can achieve global cooperationwhile optimally set carbon tariffs achieve only a very small fraction
of the optimal reduction. Beyond this, the role of firms in international trade affects how environ-
mental policy is strategically set, in particular, if firms are allowed to endogenously choose their
production location. Forslid et al. (2017) and Richter et al. (2021) consider homogenous firmmod-
els with trade and mobile firms and show that firm mobility induces tax competition that drives
down environmental taxes compared to the global social optimum. In considering firms’ decisions
where to produce, these last two contributions are related to the literature on the interplay of FDI
and the environment. For brevity, we retain a narrower focus on trade and the environment here
and refer the interested reader to the overview article by Cole et al. (2017).
Finally, motivated by Nordhaus’ climate clubs, Barrett and Dannenberg (2022) combine an

adjusted public goods game with a lab experiment “to study the conditions under which the deci-
sion to link trade cooperation and the provision of a global public good can be expected to increase
welfare.” Among other things, they show that linking trade agreements to emission reductions
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FELBERMAYR et al. 1165

increases cooperation undermultilateralism. Their policy recommendation is that trademeasures
should be integrated into a multilateral formal treaty and that countries should be discouraged
from imposing them unilaterally.
Overall, the reviewed literature shows that BCA has some potential to reduce leakage rates

but cannot completely prevent leakage. Still, BCA is most likely the most efficient anti-leakage
instrument available. Its potential to induce broader climate cooperation is controversial, so we
see further potential to bring together game-theoretic and quantitative trademodels in the spirit of
Nordhaus (2015) or Farrokhi and Lashkaripour (2021) or game-theoreticmodels and experimental
research in the spirit of Barrett and Dannenberg (2022) to analyze how trade policy can or cannot
help to improve cooperation on climate policy issues.
Related to quantitative trade models, there is still room for improvements in how these mod-

els capture trade costs. Typically, these are only captured in a stylized way as iceberg trade costs
(in structural gravity models) or as margins (in classical quantitative trade models, for example,
models-based on the data set from the Global Trade Analysis Project, GTAP (www.gtap.agecon.
purdue.edu) without directly linking the costs of carbon prices to transport costs or capturing
alternative modes of transport and accounting for speed of transport to capture the important
role of transportation emissions (see following section) in greater detail. These improved models
can then also be used to assess prevailing policies. One example is the US Inflation Reduction
Act (IRA) (see, e.g., McKinsey, 2022), that implies large subsidies for clean energy technologies
and raises the question, how leakage is affected if one world region (the EU) is relying on carbon
pricing as their main climate policy instrument, while another (the US) is relying on subsidies.
Furthermore, new policy plans such as the EU plan to implement a BCA provide the chance to
learn more about how this instrument works in practice and to empirically test its effects.

5 EMISSIONS FROM TRANSPORTATION

Up to this point, we have focused on international trade affecting emissions from production
by shifting sectoral production patterns. More directly, trade also implies emissions from trans-
portation. Even in cases, in which comparative advantage leads to emission-intensive production
locating in countries with green production technologies, the additional transportation emissions
can offset potential emission reductions. If the global division of labor already leads to emission-
intensive activities shifting to relatively inefficient or low-regulated countries, the environmental
harm is magnified by the additional transportation emissions.
Cristea et al. (2013) are the first to systematically attribute carbon emissions from international

transportation to the respective origin and destination countries, as well as products. In a large
data effort, they separate the emissions associated with production and with transportation of all
traded goods. They find that, overall, one-third of the emissions related to internationally traded
goods stem from their shipping. Around this considerable level, they find large variations across
both sectors and countries. They also use their newly gathered data for a partial equilibrium
analysis in which they assess which trade flows are increasing or reducing overall emissions. In
most cases, international trade and the associated transportation emissions led to higher emis-
sions, but around a third of global trade flows lead to lower emissions. This is because production
emission intensity in the exporting country is sufficiently lower than in the importing country so
that saved emissions from production overcompensate additional emissions from transportation.
The authors additionally investigate a set of counterfactual scenarios in a general equilibrium
model). They find, among other things, that the future shift of economic activity toward China
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1166 FELBERMAYR et al.

and India implies more bilateral trade between country pairs that are relatively far apart. As a
result, transportation emissions increase more than the value of international trade.
Mundaca et al. (2021) provide an econometric analysis of how transportation emissions react

to changes in bunker prices (i.e., international fuel prices for maritime or aviation activities). As
these prices are determined on the world market, the authors have to rely solely on time variation
in fuel prices to estimate the emission elasticity. They find that productswith a lowvalue-to-weight
ratio react more sensitively to the price changes. In a partial equilibrium analysis, the authors
then use their estimated elasticities to investigate a range of carbon pricing policies in interna-
tional transportation. The authors find that the global implementation of a 40 USD/tCO2 carbon
price on transportation emissions would bring down transport-associated emissions only by 7.7%.
An increase of the carbon price to 80 USD/tCO2 would cut emissions in half in comparison to
business-as-usual by 2050, as targeted by the International Maritime Organization (IMO).
Shapiro (2016) incorporates transportation emissions into a quantitative trademodel that allows

the ex-ante simulation of different policy scenarios. He updates and adds to the data by Cristea
et al. (2013) to calibrate a multi-sector structural gravity model. Running counterfactual scenar-
ios in this framework allows to quantify the changes in transportation emissions. Additionally,
the model accounts for the effects of changing trade patterns on production locations for differ-
ent types of goods and services. This allows to also quantify the induced changes in production
emissions. To assess the overall effect of global trade on carbon emissions, the author considers an
autarky scenario. He finds trade to increase global emissions by about a relatively low 5%, driven
to similar extents by production and transportation emissions. Hence, trade not only implies
higher emissions because goods are shipped longer distances, but also because it shifts pollution-
intensive production toward countries with dirtier production technologies, even though the
overall impact of trade on emissions remains rather low. The author also finds that even after con-
sidering the welfare costs of the emission increase, international trade still clearly fosters global
welfare. Shapiro (2016) additionally considers counterfactual scenarios in which different sets of
countries implement carbon taxes for different types of transportation. In the most ambitious
scenario, in which all countries impose a carbon tax of 29 USD/tCO2 on all international trans-
portation, global welfare would be enhanced due to lower environmental costs, but effects are
found to vary considerably: poor countries suffer more from the reduced gains from trade than
they gain from lower emissions.
Klotz and Sharma (2023) also include transportation emissions into a quantitative trade and

environment model. By incorporating input-output linkages in production following Caliendo
and Parro (2015), they can also investigate the role of changes in global value chains in shaping
transportation emissions from international trade. Lower trade costs make intermediate products
cheaper and therefore lead to longer value chains, increasing both transportation emissions and
the emission intensity in production. Accordingly, the authors find that a global elimination of all
trade tariffs would increase global emissions bymore than global GDP (1.8% vs. 0.5%). In line with
the findings of Shapiro (2016), however, the authors find that trade impediments are generally
not an efficient climate policy, as the implied mitigation costs of current tariffs are 550 USD/tCO2
and therefore higher than usual estimates of the social cost of carbon. The authors additionally
consider a range of trade liberalization schemes and find potential for gains from trade at low
environmental costs if tariff reductions focus on downstream sectors close to final demand.
Lee et al. (2013) and Sheng et al. (2018) simulate a carbon tax of 30 and 18 USD/tCO2, respec-

tively, on transportation emissions in existing CGEmodels, both finding very moderate economic
costs associated with such a globally coordinated policy initiative. In a case study focusing on
Brazil, Schim van der Loeff et al. (2018) add to Cristea et al. (2013) and Shapiro (2016)’s data
efforts to gain a detailed view of transportation emissions. Using shipping manifest data allows
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FELBERMAYR et al. 1167

them to finely differentiate the emission intensity of shipping on a destination- and product level.
Overall, the authors find that Brazilian exports account for 3.2% of global international shipping
emissions. Parry et al. (2022) discuss a specific policy proposal for an international carbon levy on
maritime emissions and its practical implementation. They find that even with a global carbon
tax gradually increasing to 75 USD/tCO2, zero-emission vessels need to be available by 2030 and
substitute ships leaving the fleet from 2030 onwards to achieve the IMO 50% reduction target for
2050 mentioned above.
The strand of literature on transportation emissions has clearly established that transportation

emissions are a major part of how international trade affects the environment. Taking trans-
portation technologies and modes as given, it also offers a good understanding of how trade
policy changes shape trade patterns and in turn the associated transportation emissions. How-
ever, it could benefit both from additional econometric analyses of the potential of transportation
emission reductions and quantitative frameworks that model the transportation sector in greater
detail, allowing, for example, for endogenous transportation mode choices or abatement innova-
tion in the transportation sector. Recently, the international trade literature has moved toward
a more elaborate consideration of transportation and trade costs. For example, Brancaccio et al.
(2020) develop a quantitative trade model with endogenous trade costs and Ganapati et al. (2021)
study entrepôts and the role they play in endogenous transportation networks. Brancaccio et al.
(2020) among others find that endogenous trade costs dampen the cost advantage of net exporters
and therefore limit trade imbalances (with corresponding potential environmental implications
along the lines of Mahlkow and Wanner (2022) briefly discussed in Section 2). Furthermore,
changes in the fuel costs of international shipping have an additional indirect effect on ship-
ping prices via changes in the negotiation power of ships that counteract the direct effect due
to the fuel price change. This implies that a carbon price might reduce international shipping to a
lesser extent than one would expect based on exogenous trade cost models. Ganapati et al. (2021)
find that 80% of international shipping is done indirectly rather than right from the origin to the
destination country—overwhelmingly so via one of the large trade entrepôts. This increases the
transport distance of products by 30%, implying that the emissions associated with shipping the
product from the initial starting to the final endpoint may be severely misjudged if it is calcu-
lated based on the direct distance between the two points. The understanding of transportation
emissions could hence be further enhanced by combining quantitative trade and environment
frameworks with features from these endogenous transportation cost models.
Overall, the literature on transportation emissions is still in its infancy in many respects.

However, important data efforts have demonstrated that a considerable share of trade-related
emissions stems from the shipping rather than the production of internationally traded goods.
As already exemplified for a single country in the Brazilian case, additional data can go further
and deliver amuchmore fine-grained picture of international transportation emissions. Addition-
ally, quantitative trade and environment models have often treated these emissions with neglect
and only considered them implicitly in the form of iceberg trade costs. We see large potential in
more detailed modeling of transportation emissions, including but not limited to incorporating
them into richer quantitative models and linking them to endogenous trade cost models.

6 SUMMARY AND CONCLUSION

In this survey paper, we have reviewed a large and dynamic literature analyzing different aspects
of the nexus between trade, trade policy, environmental outcomes and environmental policy. A
large share of this literature is related to carbon emissions and climate change. The literature on
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emissions or environmental impacts focuses on the emissions and partly also other environmental
impacts embodied in trade and how they react to different policy measures including BCA (Sec-
tion 4) and the emissions from transportation (Section 5). Covering the policy side, our central
Sections 3 and 4 describe the analysis related to the phenomena of pollution havens and leakage
of emissions and how trade and environmental policy measures can affect the relocation of envi-
ronmental impacts as well as the cooperation in climate policy. Furthermore, we have reviewed
the limited literature on specific trade agreements and trade policies and on transport emissions.
The most relevant or exemplary papers are summarized in the table in the Appendix.
As mentioned already in the introduction, another way to look at the literature is to struc-

ture it by methodological approaches, which might be helpful to approach the scope for
future research from a different angle. We have seen, that the main four methodological
approaches—theoretical modeling, descriptive data analysis, empirical research and quantitative
and numerical models—have all been used to contribute to our understanding of the linkages
between trade, environmental impacts, trade policy and environmental policy.
Theoretical modeling, including trade models with or without firm-heterogeneity as well as

game-theoretic approaches, have allowed to derive general findings and hypotheses and help
to understand relevant mechanisms such as scale, technology and composition effects or the
possibilities of strategic tariff setting and stable coalition formation.
Descriptive data analysis has been extensively used to derive emissions and environmental

impacts from extended input-output data. The related MIRO analysis is able to highlight impor-
tant trends and the importance of trade in the global allocation of emissions but can say little
about drivers and causal effects.
Empirical research is naturallymostly ex-post with a certain time-lag (as an example, empirical

research on the EU ETS still mostly exists until the end of the second phase in 2012) since it relies
on existing data and is also limited by data availability. Still, such analysis remains very important
and is needed both to verify hypothesis and mechanisms derived from theoretical models as well
as to build and parameterize numerical models. In this respect, there is also scope for stronger
empirical validation in the many numerical models used. A large chance also lies in new types
of (big) data that become available. For instance, Huang and Wang (2021) use data from social
media to analyze the US-Chinese trade-war though to our knowledge not yet related to the trade-
environment nexus. Given the increasing set of databases including panel data on different types
of environmental impacts embodied in trade we also see a potential for further empirical studies
exploring their drivers including trade openness, trade policy and environmental policies.
The largest strand of literature related to the trade—environment nexus is based on different

types of quantitative andnumericalmodels. In particular, CGEmodels and structural gravitymod-
els explicitly capture trade flows and can analyze counterfactual scenarios. This implies that these
types of models can be used both for ex-post analysis but especially for ex-ante analysis of latest
policymeasures not yet captured in the data and future policy scenarios. Traditionally, and pushed
strongly by the development of the GTAP data set and the associated GTAP model, Armington-
typemulti-regional,multi-sectoral CGEmodels have been used to assess topics like leakage effects
and anti-leakage instruments. They are thus very flexible and can analyze awide range of policies.
More recently other types of CGEmodels have become popular. They are based on estimable grav-
ity equations, that have the advantage to be more strongly grounded on empirically determined
relationships rather than “guesstimated” functional forms of production functions, but they often
are less detailed. At the same time as mathematical approaches and data sources converge, the
distinction between “classical” CGEmodels and newer approaches becomes increasingly blurred
and one should rather talk about quantitative trade models of different complexities. Generally,
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FELBERMAYR et al. 1169

CGE models are often criticized as black boxes, that make it hard to clarify mechanisms, but this
is not necessarily different for empirical analysis. In terms of improved CGE modeling we see a
number of promising avenues for future research.
First,model features andmodel approaches could be improved in different respects:

∙ The larger share of CGE models is based on the Armington-assumption and only recently
there is some research on how results change with other trade specifications, including
Melitz-type approaches. More research in this direction would be helpful.

∙ Despite the importance of transport and trade costs, these are typically only captured in
a very stylized way (as iceberg trade costs or margins) without directly linking the costs of
carbon prices to transport costs, capturing alternative modes of transport or accounting for
speed of transport. Here, both data and conceptual work needs to be undertaken to allow
for a more disaggregated analysis in this respect. One avenue could be to combine quan-
titative trade and environment frameworks with features from endogenous transportation
cost models.

∙ Also, technological change ismostly exogenous or only roughly calibrated inCGEmodels
so that technique effects on carbon leakage cannot be captured.

∙ Related to land-use changes, there is room for more focus on local-global interactions
and the development of more accessible open-access model frameworks that can be tested
and used by the broader research community.

∙ There are not yet models that account for firm-level abatement decisions AND capture
energy market general equilibrium effects. There is also a lack of frameworks that
bring together international trade, multinational production via FDI, and environmental
outcomes.

Second, CGE models can also be used for further new types of policy analysis.

∙ Even though many of the CGEmodels are based on detailed IO-Tables and are already well
equipped to analyze emissions along global value chains and their reaction to policy
scenarios, this is rarely done. Also, the policy scenarios themselves could focus more on
which policies succeed in reducing domestic production footprints without counteracting
movements in the consumption and/or extraction footprints.

∙ Inspired by a still young empiric literature, there is more potential to use CGE models for
the analysis of environmental provisions in trade agreements.

Third, CGE models (together with experimental research) can be increasingly used to param-
eterize game-theoretic models to analyze the strategic importance of trade policy in coalition
formation in the context of public environmental goods.
One final road for research might be to compare ex-ante predictions of numerical CGE against

ex-post econometric estimates of policies to find out what models get right, what they miss, and
why.
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ENDNOTES
1Though many of the papers cited in the following talk about “models”, we prefer to refer to them as (elaborate)
descriptive data analysis since they do not model the behavior of actors.

2Environmental gravitymodels previously focused either on final goods trade (Larch&Wanner, 2017, 2019; Shapiro
& Walker, 2018) or simplified versions of intermediate goods trade (P. Egger & Nigai, 2015; Shapiro, 2016).
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