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Abstract
Purpose of review  This review contextualizes climate and trade policy and the risks it seeks to mitigate for energy system 
and supply chain researchers in an era of rising geopolitical tensions by compiling information from various disciplines 
including international trade, macroeconomics, and energy and carbon modeling.
Recent findings  Literature has mostly examined the interaction between climate and trade strategies; however, geopolitics 
has introduced the need for studies that investigate the effects of policies that aim to address both climate and trade concur-
rently. Yet, recent studies highlight that there are no analytical frameworks to do so, and energy researchers will need to 
develop one in order to incorporate geopolitics into energy system planning.
Summary  The literature showed that there will be tradeoffs to any type of trade barrier and nations will have to balance eco-
nomic, innovation, and climate risks. This review aims to guide and encourage energy researchers to develop the analytical 
frameworks needed to incorporate climate and trade policy and the associated risks into their models.

Keywords  Climate and Trade · Energy Systems Modeling · Critical Minerals · Supply Chains · International Trade · 
Climate Policy · Carbon Leakage · Macroenergy systems · Geopolitical Risk

Introduction

Climate and trade policy, which combines climate and trade 
strategies into a singular cohesive policy, has emerged as a 
new geopolitical tool that will affect future energy systems 
[1, 2]. Energy systems modeling seeks to project how future 
supply can be built to meet future demand and include cost 
paradigms that mostly assume straightforward cost curves 
and material availability [3]. Climate and trade policy affects 
both costs and supply chains, limiting the efficacy of exist-
ing energy system models. As climate and trade policy aims 
to correct for risk associated with policies that might have 
improved national climate goals but introduced economic 
harms; energy systems models are currently ill equipped 
to model this shift. For instance, the decarbonization of 

developed economies is partially a byproduct of the shift of 
low-cost and in some cases heavy manufacturing to develop-
ing countries. Energy systems models were able to capture 
that most advanced economies have reduced overall and 
per-capita energy consumption by steadily replacing high-
carbon intensity energy generation with low- to zero carbon 
intensity energy generation via economic carrots such as 
government incentives (or simply market forces) and policy 
sticks (e.g., quotas) but have excluded other ramifications 
of this shift [4].

Political forces across the political spectrum have started 
to challenge the strategic choice to decarbonize via deindus-
trialization for four main reasons: 1) Climate and Weather 
Risk: outsourcing energy and labor-intensive industries often 
leads to worse global environmental and labor outcomes as 
offshore countries generally use higher carbon emitting 
energy sources (i.e., carbon leakage) and have worse labor 
standards [2, 5, 6]; 2) Economic and Political Risk: out-
sourced industries historically formed the economic engine 
of many regions, especially rural towns, and their disappear-
ance has devasted local economies and pushed millions of 
people into under- or unemployment [8, 9]; 3) Competitive, 
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Technological, and Innovation Risk: The research, devel-
opment, and production of important technologies and 
keys parts of their supply chains are no longer onshore and 
nations could miss out on key innovations that could drive 
economic growth [10]; 4) Concentration and Geopolitical 
Risk: if one nation dominates a given technology or sup-
ply chain than disruptions in that nation either natural (e.g., 
weather disruptions brought by climate) or geopolitical will 
disrupt production in all downstream nations [11–16].

Thus, in recent years many advanced economies have 
attempted to onshore important future industries, especially 
renewable energy technologies, which includes lithium-ion 
battery production, solar cell production, and electric vehicle 
(EV) production [11, 18]. However, reshoring brings chal-
lenges that offshoring sought to answer including increased 
costs for goods, more internal resource competition (e.g., 
higher energy, labor, and material costs), and higher national 
emissions [19, 20]. In other words, there is a cost to resil-
ience from risk, both directly in increased prices and indi-
rectly in more resources being diverted from other industries 
(e.g., labor and capital), namely service industries, that now 
constitute most of advanced economies GDP.

In response to this broader global challenge, a new indus-
trial policy arena has emerged: climate and trade. Climate 
and trade research evolved from work that sought to under-
stand how global supply chains and trade policies could 
impact national and global climate goals [1, 2]. This area 
includes theory and analysis of carbon leakage policies like 
the European Union’s Cross Border Adjustment Mechanism 
(CBAM), technology adoption subsidies like the U.S. Infla-
tion Reduction Act (IRA), and tariffs that balance geopo-
litical, environmental, and economic concerns into coher-
ent strategies that maximize national benefits [2, 6, 7, 21, 
22]. While these policies can operate on wildly different 
assumptions, zero-sum competition or the need for coopera-
tion, they all recognize that climate and trade policy are now 
inextricably linked.

Energy systems research must begin to include these 
geopolitical dynamics into their models to provide accurate 
analysis and data driven recommendations to policy makers 
[7, 24–27]. However, this field of research has been slow 
to build analytical frameworks capable of evaluating how 
these trade — and now climate and trade policies — will 
impact energy systems [12]. There is currently a dearth of 
analytical frameworks that incorporate trade and geopoli-
tics into energy system modeling, and this represents both a 
fundamental gap and practical need as policy makers look 
for more information on political and social insights [12, 
24, 29, 30].

This review aims to provide additional context in this area 
by consolidating relevant facts and research literature related 
to major economies’ manufacturing output, energy con-
sumption, carbon intensities, and aggregate and subsector 

trade flows. This review will also provide commentary on 
how policies aimed at reducing one risk (e.g., climate risk 
and geopolitical risk) can increase another set of risks (e.g., 
economic and inflation risks) and the need for new, joint 
modeling paradigms that can provide guidance on how to 
how to balance climate and trade objectives.

Manufacturing and Heavy Industry in Major 
Economies

Globalization has been hypothesized to be responsible for 
the deindustrialization of advanced economies to the detri-
ment of workers and national security which has increased 
economic and political risk in offshoring countries [32]. 
Deindustrialization is a bit of a misnomer, as many advanced 
economies productivity increases have allowed countries to 
produce, measured by value-added, either the same or more 
than they did before “The China Shock” [9, 33]. Nonethe-
less, globalization has shifted vast amounts of low-cost 
manufacturing to other countries with lower labor costs (and 
standards) and environmental standards at the expense of 
domestic works who lose out on good paying (relative to the 
low-wage service jobs that replaced them) blue collar jobs 
[8, 9, 19, 33, 34]. This section seeks to contextualize how 
these trends have impacted global manufacturing (Table 1).

Nine nations — China (29%), US (16%), Japan (7%), 
Germany (5%), India (3%), South Korea (3%), India (3%), 
Italy (2%), France (2%), UK (2%) individually manufacture 
at least 2% of the world’s manufactured products by value 
added and combined represent nearly 70% of the global total 
[34, 36, 37]. Since 2000, the G7’s share of global manufac-
turing has steadily decreased even as manufacturing value-
added output has remained the same (Japan, UK), increased 
modestly (France, Italy, US), or increased by double or 
more (Germany, India, South Korea) [38]. Over the same 
time period, China’s value-added manufacturing output 
has increased by an astonishing 680%, so that now it nearly 
matches G7 output on its own and nearly doubles the mar-
ket share of the second-place nation, (29%, China vs 16%, 
US) [36, 38]. Yet, since 2000, manufacturing’s share of each 
major manufacturing nation’s GDP (as well as manufactur-
ing employment) has decreased [38, 39] — even in China. 
As of 2022, the manufacturing sector constitutes less than 
25% of the GDP of all major manufacturing nations [39]. 
Therefore, while manufacturing is important, it is not the 
main driving force behind these economies and as a result 
it uses a disproportionate amount of energy relative to its 
economic impact.

Three heavy industries – chemicals, steel and cement 
– account for nearly 60% of industrial energy consumption 
and around 70% of CO2 emissions even while accounting 
for only a small fraction of industry value added [40]. In 
G7 countries, energy intensive industries such as steel and 
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chemical production volume have largely stagnated [41, 
42]. China alone produces over half of the world’s steel 
and cement, and the vast majority of it is used domestically 
[41, 43–45]. China also dominates chemicals production, 
comprising 43% of world chemical shares (2023) whereas 
the EU and US combined make up less than 25%. Thus, 
the ceding of heavy industry from developed to develop-
ing countries reduced the industrial energy consumption in 
developed countries at the expense of an increase in global 
emissions [47, 48]. Yet, there is evidence that this commod-
ity “supercycle” is ending as China slows down its rapid 
urbanization, but a new commodity supercycle for critical 
minerals could be beginning [46]. Almost universally in 
developed countries, since 2000, the energy consumption by 
industry has decreased, with South Korea and Canada being 
the exceptions due to increased metal and oil production 
respectively [47, 48]. While part of this is due to improving 
energy efficiency much of it is no doubt due to offshoring 
energy intensive industries which has implications for cli-
mate and trade policy design.

Energy Consumption and Carbon Emissions in Major 
Manufacturing Economies

Increased global emissions increases climate and weather 
risk by contributing to climate change which in turn 
increases the number of severe weather events. Yet, energy 
consumption per capita, carbon emissions per capita, and 
overall carbon intensity have decreased in all G7 nations 

since 2000 [47] as shown in Table 2. Furthermore, over-
all energy consumption and carbon emissions have also 
decreased for all G7 nations in that timeframe except Canada 
[47]. On the other hand, China uses a staggering 4.4x as 
much energy as it did in 1990, India 3.6x, South Korea 3x, 
Indonesia 3x, and Brazil 2.25x. Mexico and Russia are the 
only major manufacturing developing economies that did not 
at least double their energy usage since 1990 with Mexico 
only increasing by 47% and Russia actually decreasing by 
8%. Carbon emissions have increased even more rapidly than 
energy consumption with Chinese, Indian, and Indonesian 
emissions increasing by approximately 5x due to a heavy 
increase in coal for electricity production and industry heat 
and oil for transportation. South Korean, Brazilian and Mex-
ican emissions increased slower than their energy consump-
tion at 2.4x, 2.4x, and 1.5x rates respectively and Russian 
emissions declined by 25% as these countries mainly power 
their electricity and industrial sectors with natural gas and 
a substantial amount of nuclear (and hydro in Brazil’s case) 
which arrests the dramatic emissions increases [47].

Therefore, developed countries were able to achieve lower 
energy consumption and carbon emissions due to increased 
energy efficiency, the increase in low- to zero-carbon energy 
sources, and more efficient (and productive) manufactur-
ing [48]. On the other hand, the developing countries have 
increased their industrial output mostly powered by coal 
which has driven vast energy and emissions increases.

China, India, and Indonesia, three developing economies 
with massive manufacturing outputs and populations, have 

Table 1   Manufacturing and 
Trade Volumes (USD Billions) 
and Percentage of GDP [36, 37]

Country Year Manu Manu % GDP Exports X % GDP Imports M % GDP Net Trade

Canada 2004 $ 147 14% $ 317 31% $ 280 27% $ 37
Canada 2020* $ 149 9% $ 599 28% $ 584 27% $ 15
China 2004 $ 625 32% $ 593 30% $ 561 29% $ 32
China 2022 $ 4,840 27% $ 3,544 20% $ 2,707 15% $ 838
Germany 2004 $ 564 20% $ 910 32% $ 716 25% $ 194
Germany 2022 $ 761 18% $ 1,676 40% $ 1,583 38% $ 93
France 2004 $ 265 13% $ 452 21% $ 471 22% $ (19)
France 2022 $ 267 10% $ 620 22% $ 823 29% $ (203)
United Kingdom 2004 $ 265 11% $ 350 14% $ 470 19% $ (120)
United Kingdom 2022 $ 252 8% $ 533 17% $ 824 26% $ (291)
India 2004 $ 112 16% $ 77 11% $ 100 14% $ (23)
India 2022 $ 440 13% $ 453 14% $ 720 22% $ (267)
Italy 2004 $ 288 16% $ 354 20% $ 355 20% $ (2)
Italy 2022 $ 322 15% $ 659 31% $ 694 33% $ (36)
Japan 2004 $ 1,030 21% $ 566 12% $ 455 9% $ 111
Japan 2022 $ 818 19% $ 747 18% $ 897 21% $ (150)
Korea, Rep 2004 $ 207 26% $ 254 32% $ 224 28% $ 29
Korea, Rep 2022 $ 429 26% $ 684 41% $ 731 44% $ (48)
United States 2004 $ 1,610 13% $ 815 7% $ 1,526 13% $ (711)
United States 2021* $ 2,500 11% $ 2,065 8% $ 3,372 13% $ (1,307)
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high (2022) carbon intensities well above the carbon intensi-
ties of most developed countries. However, not all develop-
ing countries have high carbon intensities, including some 
that have experienced rapid growth. For example, Brazil 
has a relatively low (2022) carbon intensity, even among 
developed economies because it derives a large portion of 
its energy from biofuels and hydro. Mexico’s (2022) carbon 
intensity is actually less than the US’s. Russia’s (2022) car-
bon intensity was less than Germany, Italy, and the UK [47].

This implies that while developed countries might have 
better energy efficiency, supported by the reductions in 
energy consumption and carbon emissions, they do not have 
an inherent advantage in carbon intensity. In fact, carbon 
intensity seems to have some regional correlations because 
the Asia Pacific countries use more coal than other regions 
that have more ample natural gas supplies. This is even true 

for developed Japan which has a (2022) carbon intensity 
nearly as high as the developing countries in the area. South 
Korea mitigates this regional disparity by utilizing signif-
icant nuclear resources to achieve a (2022) lower carbon 
intensity than Japan which has reduced its nuclear energy 
production. The role of nuclear in reducing carbon intensity 
can also be observed in western economies where France 
achieves its relatively extremely low (2022) carbon intensity 
by utilizing massive nuclear power. Beyond nuclear, gener-
ating significant quantities of electricity from hydro as is 
the case in Canada and Brazil also reduces carbon inten-
sities. Currently, renewable energy sources like solar and 
wind make negligible contributions to total energy supplies 
and carbon intensity reductions. However, as their adoption 
increases, they will likely have disproportionately positive 
impacts on coal reliant economies.

The carbon intensity data has important implications for 
carbon trade policies like CBAM which aim to reduce the 
carbon emissions associated with commodity production [6, 
7, 17, 22, 49, 50]. Currently, Asia Pacific countries, espe-
cially China, which dominate the production of these goods 
have high carbon intensities. Yet, if they can reduce their 
emissions by substituting coal for natural gas, nuclear, or 
renewable production their carbon intensities could quickly 
improve beyond that of EU nations. Furthermore, while 
Asia Pacific exporters have high average carbon intensities, 
they do have low carbon intensive sources they can use to 
produce exports. This is further highlighted in research on 
carbon tax leakages which when designed improperly have 
been shown to hurt growth for limited to no emissions ben-
efits [6, 17, 22, 51, 52].

Global Trade and Intermediate Goods

The value of global trade has increased steadily since 2000 
which has lengthened supply chains and, in some cases, 
concentrated them leading to concentration and geopolitical 
risks [36, 37]. Gross imports and exports for all major econ-
omies (G7, China, India, and South Korea) have increased. 
However, exports and imports as a percentage of GDP var-
ies wildly among these economies. Since 2000, China and 
Canadas exports and imports as fraction of their GDP have 
fallen modestly, the US has shares virtually remain the same, 
Germany, Italy, India, South Korea, and Japan have seen 
their import and export percentages explode, and the UK 
and France have witnessed a drop or stagnation of export 
percentage but a noticeable increase in import percentage 
[37]. This illustrates that as the economy has globalized, 
trade has become more important for most major economies 
[53]. It also shows that China and North American econo-
mies have become more self-reliant even as gross imports 
and exports increased. Lastly, it shows how the more trade 
reliant major manufacturing nations (Germany, Italy, India, 

Table 2   Total Energy Supply (Petajoules), Percent Mix, and Carbon 
Intensity (g CO2 / MJ) [47]

Country Year Total 
Energy 
Supply

% Non-Fossil % Coal Carbon 
Intensity

Brazil 2000 7,716 41% 7% 38.2
Brazil 2022 12,532 49% 5% 33.0
Canada 2000 10,690 24% 12% 47.1
Canada 2022 12,627 24% 3% 41.4
China 2000 47,475 20% 59% 64.8
China 2022 159,126 13% 61% 66.7
France 2000 10,784 48% 6% 33.5
France 2022 8,785 50% 4% 31.3
Germany 2000 14,082 16% 25% 57.1
Germany 2022 11,454 22% 20% 51.9
India 2000 17,490 33% 35% 50.9
India 2022 42,515 25% 46% 59.2
Indonesia 2000 5,299 24% 9% 48.1
Indonesia 2022 10,921 23% 36% 59.7
Italy 2000 7,022 6% 7% 59.9
Italy 2022 5,804 19% 5% 53.5
Japan 2000 21,599 19% 19% 52.8
Japan 2022 16,428 13% 28% 57.1
Korea, Rep 2000 7,779 16% 21% 53.7
Korea, Rep 2022 11,710 20% 24% 46.9
Mexico 2000 6,312 13% 5% 57.0
Mexico 2022 7,646 12% 5% 49.7
Russia 2000 25,982 9% 19% 56.7
Russia 2022 33,883 11% 16% 47.9
United King-

dom
2000 9,285 11% 16% 56.1

United King-
dom

2022 6,426 23% 3% 48.2

United States 2000 95,038 14% 23% 60.3
United States 2022 90,830 18% 11% 50.7
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South Korea, and Japan) have made producing goods for 
export a major part of their economies, opening them up 
to various geopolitical and trade risks for both the supplies 
needed to manufacture goods and the markets to sell them in.

While percentages are insightful, the magnitude of trade 
flows hints at some of the challenges climate trade policies 
aim to address. The three largest exporters and import-
ers, China, US and Germany, have dramatically increased 
exports since 2000, when no nation exported or imported 
more than a $1 trillion worth of goods, to 2023 when these 
three have been the first and only to exceed that mark [36]. 
However, the growth percentage of exports and imports in 
that time period highlights a major divergence. China and 
India have increased by their imports and exports by at least 
10x since 2000, the next largest increase was South Korea 
with a 4x increase. All other countries have only increased 
between 2x and 3x in the same timeframe. Thus, due to 
China and India’s massive increase in GDP the raw value of 
exports and imports for both countries increased dramati-
cally. In China’s case, this occurred even as trade’s fraction 
of GDP decreased.

Today, China is the largest exporter in the world export-
ing nearly $3.5 trillion worth of (2023) goods compared 
to ~ $2 trillion (2023) for the US and $1.7 trillion (2023) for 
Germany [34, 36]. China is also the second largest importer, 
importing $2.5 trillion (2023) compared to first place US’s 
$3.1 trillion (2023) and third place Germany’s $1.5 trillion 
(2023). Net trade for these countries is also vastly differ-
ent than other large economies. In 2023, China had a goods 
trade surplus of over $800 billion with the next closest 
goods trade surplus being Germany with a goods trade sur-
plus near $250 billion, no other country had a goods trade 
surplus higher than $50 billion. On the other side, in 2023, 
the United States had a goods trade deficit of over $1 tril-
lion with the next highest goods trade deficit being less than 
$275 billion.

Intermediate good flows, the trade of goods that are pro-
duced from raw materials but used as inputs to final goods, 
are essential to modern global supply chains and their flows 
are perhaps more important than gross trade [54, 55]. The 
trade flows of intermediate goods are harder to discern, and 
economists have developed databases and models to trace 
the “hidden exposure” of foreign suppliers in international 
supply chains [56]. This work has shown that the intermedi-
ate goods are also dominated by China as China produces 
over 40% of all intermediate goods [34, 56]. This has pro-
found implications for current and future trade, as even if 
final products are produced locally, they still require signifi-
cant imports from geopolitical competitors.

These general trends provide context for the manufactur-
ing subsector trade flows that will be critical for the energy 
technologies of the future. Namely, that the Chinese domi-
nates aggregate and intermediate good trade flows, with the 

US also being a major exporter but a net importer, and Ger-
many fighting to keep its export led economy near the lead-
ers. Literature shows that the manufacturing sector is key 
innovation driver and accounts for disproportionate share of 
productivity growth and innovation [10, 32, 57, 58]. There-
fore, the largest producers of certain subsectors are likely to 
have key innovation and technological advantages.

The Future Energy Systems and Technologies: Trade 
Flows and Potential Risks

Innovation fuels productivity and economic growth and the 
lack thereof leads to competitive and technological risks. 
Six key decarbonization technologies of the future could 
represent over $2 trillion in value [60, 61, 62]: solar, wind 
turbines, batteries, electric vehicles, electrolyzers, and heat 
pumps. China has also recognized the importance of the new 
energy technologies and has made a strategic shift, focus-
ing on manufacturing the new big three of solar, EVs, and 
lithium-ion batteries to supplant the old big three of furni-
ture, appliances, and clothing [63]. To provide context on 
how the three major trading regions (EU, China, and the US) 
are currently represented in these technologies, Fig. 1 shows 
the trade flows of selected two-digit Standard International 
Trade Codes (SITC) that contain these technologies: electri-
cal machinery (SITC: 77), industrial machinery (SITC: 74), 
power machinery (SITC: 71), road vehicles (SITC: 78) [64]. 
Furthermore, fuel and major commodity trade flows can also 
be tracked with this system these include: coal (SITC: 32), 
petroleum products (SITC: 33), hydrocarbon gases (SITC: 
34), plastics (SITC: 57), chemicals (SITC: 59) iron and steel 
(2-digit SITC: 67), and nonferrous metals (SITC: 68).

China and the EU export nearly equal amounts of electri-
cal machinery (which includes solar and lithium-ion battery 
cells) and the EU dominates industrial machinery (which 
includes heat pumps). The EU and China also import elec-
tric machinery (likely the components needed to manufac-
ture its own). The also EU imports and exports, in nearly 
equal portions, more power generating equipment (which 
includes wind turbines) and road vehicles (which include 
EVs). Both the EU and China are net importers of petroleum 
products and recently natural gas due to the lack of suffi-
cient resources to power their industries. Interestingly, even 
though the EU exports more iron and steel, chemicals, and 
plastics than China or the US, they import even more. Note 
that, this includes intra-EU trade showing how the bloc’s 
economies are interconnected. In contrast, the US exports 
relatively few finished goods and is only a comparatively 
major exporter of petroleum products and natural gas. The 
US imports relatively large portions of road vehicles, electri-
cal machinery, industrial machinery, and power machinery 
which could indicate that its own industries in these areas 
are either insufficient to meet local demand, that they are 
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more expensive and of lower quality than global competi-
tors, or that they are importing large quantities of intermedi-
ate goods.

Furthermore, the macro numbers imply that China and 
EU are competing for global market share in these catego-
ries and rely on component imports to make higher value-
added products. The fact the US is a significant net importer 
of these subsectors while China and the EU are mostly net 
exporters indicates that they are leading technologically and 
in cost. However, the US position as a fossil fuel exporter, 
in the near term, gives it a strategic energy advantage that 
could help to offset this deficit.

This high-level view is supported by emerging literature 
on trade in intermediate goods and the battle for these key 
supply chains of the future [19, 25–27, 34, 54, 56, 65]. For 
instance, China has started to dominate production of inter-
mediate goods which makes them essential for EU and even 
US manufacturing [34, 54, 56]. Furthermore, China has 
started to dominate the refining market for critical miner-
als (e.g., lithium, cobalt, and rare earth elements), the new 
energy technology component market, and the extraction 
market for mineral supplies [11, 27, 66, 67]. From there 
China plans to leverage their unmatched industrial capacity 

to accelerate the cost production and technological innova-
tion learning curves for solar cells, lithium-ion batteries, 
EVs, and even wind turbines faster than anywhere else in the 
world. The EU leads in wind turbine production, road vehi-
cle manufacturing (though they are falling behind in EVs), 
and electrical and industrial machinery which they hope to 
lean on to pivot to the technologies of the future [11, 18]. 
However, they have almost no production capacity in solar 
cells, lithium-ion batteries, and have only recently started to 
produce heat pumps as a reaction to the natural gas supply 
shock which puts them at a disadvantage [68].

The US has started to recognize the risk of being techno-
logically behind and having to rely on imports in the race to 
build the new energy technologies and have implemented 
subsidy and tariff policies to encourage US production to 
varying effect [6, 17, 22, 69, 70]. The subsidies for EVs and 
their sourcing requirements have encouraged automakers to 
build factories in the US which has increased supply [72, 
73]. However, even though demand has increased, it has not 
increased at the speed that companies wanted to see. Mean-
while, Chinese EV automakers have increased worldwide 
market share at blistering speeds and only tariffs are keeping 
them out of the US market [74]. In other key technologies 

Fig. 1   Imports and Exports of Selected Goods and Commodities by Region [36, 37]
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like solar, wind, lithium-ion batteries for stationary storage, 
and heat pumps there is limited domestic production, but 
subsidies have increased demand so that both investment 
and imports have increased [75, 76]. Supporters of the tariffs 
believe that they help give domestic manufacturers time to 
build competitive operations, that the US needs to have its 
own supply chain for energy and national security reasons, 
and that the US can produce these technologies more cleanly 
than other nations [75, 77, 78]. Detractors argue that US and 
the world need to deploy these technologies as quickly as 
possible and by extension as cheaply as possible from what-
ever source, that the security issues are overblow, and that the 
even if we could produce these technologies with fewer emis-
sions the manufacturing emissions savings are dwarfed by the 
operational emission savings [20, 65, 80–83]. Understanding 
how to balance supply chain and security risk, the risk of 
missing out on innovation, and the climate and weather risk is 
critical for policymakers and by extension the energy system 
modelers who aim to provide data driven insights.

Further complicating this dynamic is the second Trump 
administration which is opposed to the IRA subsidies, aims 
to pare them back, and instead promote a tariff forward 
approach [84, 85]. This strategy could lead to more US pro-
duction of certain goods dominated by imports and with the 
investments already made by automakers should not affect 
the supply of EVs; however, research shows it could increase 
costs and put US manufacturers further behind the cost and 
technological curves due to less competition, not even con-
sidering the economic effects of likely retaliation [81, 87, 88]. 
This could have major consequences for future competitive-
ness as a secure and cheap energy is a major competitive 
advantage and the new energy technologies promise cheaper, 
more efficient, and cleaner energy. Thus, if US manufacturers 
produce inferior and more expensive products and imports 
are discouraged then the adoption of these technologies will 
decrease slowing down the energy transition, and exposing 
the US to the risks associated with the legacy energy system 
including fuel insecurity and volatile pricing. However, if the 
alternative is a dominant position by China, then the US will 
be subject to market share and geopolitical risks as well as 
the risk of concentrating industry in one location and being 
subject to a single extreme weather event knocking out pro-
duction for extended periods of time [11, 18, 89].

Climate and Trade and Energy Systems

Climate and trade policies, that concurrently seek to influence 
trade and climate, are relatively new and the literature that 
accounts for both climate and trade typically focused on trade’s 
impact on climate goals irrespective of national climate poli-
cies or vice versa [12, 24, 90]. This includes the impacts of 
climate policy on national manufacturing and the impact of 
climate and trade trends on jobs [2, 31, 35, 71, 77, 79, 86]. 

Other relevant literature includes the impact of trade policy 
on innovation, especially in energy technology such as how 
trade policy can shape the geography of innovation in energy 
technology and how it can be used as a tool to help domestic 
industries compete for the industries of the future (a historic 
justification for tariffs) [7, 10, 13, 59, 91–94]. These studies 
have shown that industrial policy can increase domestic pro-
duction, innovation, and employment but with a cost to global 
cooperation which could increase costs and lower the speed 
of carbon reduction.

Energy systems modeling -- which includes the subfield 
macroenergy systems which that investigates large-scale, 
systems-level, long-term aspects of energy systems and their 
implications for other systems -- uses multiple different mod-
eling methods including partial and general equilibrium mod-
els and simulation models but the most popular are optimiza-
tion-based models like capacity expansion models [31, 96]. 
As energy systems and their interactions with other systems 
become more complex there have been calls to integrate other 
system models and to create better mathematical structures to 
represent spatial and temporal elements with higher resolu-
tion [97]. Nonetheless, all of these models are dependent on 
cost and supply chain (i.e. availability) parameters that will 
be heavily affected by climate and trade policies and are cur-
rently not represented endogenously in models. Models instead 
use scenario analysis rather than integrate the emerging com-
plicated temporal and spatial cost paradigms for new energy 
technologies [66, 98].

As the connection between climate and trade has become 
more clear, recent literature has started to investigate how 
policies aim to directly affect both climate and trade goals. 
These include managing carbon leakage via direct trade poli-
cies (e.g. border adjustments) like CBAM; how trade policies 
(and recently climate and trade policies), which are essentially 
custom trade barriers, will affect the geopolitics of trade and 
supply chain; and general discussions of trade and climate on 
geopolitics [2, 7, 12, 17, 21, 23, 24, 28, 29, 58, 93, 99, 100]. 
These studies show that direct climate and trade policies like 
CBAM, a tax on carbon intensive commodity imports, and 
indirect climate and trade policies like subsidies that favor 
domestic production or tariffs that target emerging energy 
technologies, can mitigate certain types of risk while introduc-
ing others. Yet, there are few analytical frameworks to evaluate 
these impacts [12, 90]. Energy researchers, especially energy 
modeling researchers, must develop these frameworks to pro-
vide insights to policy makers.

Conclusion

As trade wars intensify, the climate changes, and new tech-
nologies emerge, nations will have to develop new strat-
egies to manage the increasing risks. Climate and trade 
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policies have been introduced as a strategy that could pro-
vide a framework for protecting domestic industries limit-
ing economic and political risk, mitigating climate change 
risk by reducing global emissions, and encouraging inno-
vation in new energy technologies. However, they intro-
duce new risks and could disrupt global supply chains.

The world’s manufacturing supply chains have become 
more integrated and have varying carbon intensities driven 
by the dominant region fuel. Therefore, different climate 
trade policy strategies might be more effective than others. 
CBAM, a climate trade policy that essentially taxes needed 
manufacturing inputs (i.e. commodities) in order to reduce 
carbon leakage, could increase costs while providing lim-
ited benefits for global emissions [6, 7]. Furthermore, lit-
erature shows that import tariffs on intermediate goods and 
commodities has disproportionate effects on net exporters 
[2, 6, 17]. Thus, these policies could exacerbate economic 
competitiveness and inflation risks in order to mitigate 
climate, geopolitical, and concentration risks. The effect of 
tariffs and subsidies that aim to encourage domestic pro-
duction are even harder to predict. On the one hand, tariffs 
increase the costs of technologies slowing adoption which 
exacerbates climate and weather risks [20, 82]. However, 
subsidies could equal or even overcome the cost increases, 
helping to mitigate the risks associated with relying on one 
nation controlling a critical supply chain (monopoly and 
geopolitical risks) and the risk of missing out on a major 
technology innovation (innovation and economy risk) [11, 
18, 21, 58]. Both policies are subject to retaliation from 
other trade partners and are more costly than an environ-
ment without them, even if the higher customer cost still 
led to increased adoption [14, 15, 90]. For the US, because 
of the lead China and even the EU have in the subsectors 
that include the new energy technologies of the future, 
managing the geopolitical/security and innovation risks 
has become the priority.

Energy system modelers will have to learn how to 
incorporate these geopolitical and trade scenarios in their 
models to give data driven insights. There is literature 
in the trade and climate space on models that indirectly 
incorporate both climate impacts on trade which include 
multisector models, supply chain modeling of energy min-
erals, and discussions on how to integrate geopolitics into 
energy research [12, 24, 29, 31, 66, 69, 89, 95, 99, 100]. 
However, there is limited existing literature on the impact 
of concurrent climate and trade policies. Furthermore, 
there are no analytical frameworks or studies that explic-
itly model the impacts of climate and trade policies or gen-
eral geopolitics into energy systems models. This review 
aimed to highlight this gap, provide necessary context, 
and to encourage researchers to start incorporating these 
important features into their models.
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