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Abstract
Emission-intensive and trade-exposed sectors, such as steel, are especially challenged by emissions
leakage and loss of competitiveness with the implementation of climate policies. A carbon bor-
der adjustment mechanism (CBAM) is one of the principal policies suggested to minimize these
impacts. This study examines the implications of CBAM for the global iron and steel industry
using a modified version of the Global change analysis model (GCAM). We introduce an expan-
ded steel sector representation and a differentiated trade market to assess the impacts of CBAM
implementation across OECD and non-OECD regions under deep decarbonization scenarios.
Additionally, we explore the role of free emissions allowances, export rebates, and green subsidies
in modifying CBAM outcomes. Our findings indicate that CBAM can reduce emissions leak-
age and incentivize the adoption of low-carbon steel technologies but may disadvantage export-
ers in regions implementing CBAM, leading to a net-loss of production in CBAM regions. This
study contributes to the literature by modelling CBAM in an integrated assessment framework and
providing insights for policymakers balancing climate action and economic competitiveness.

1. Introduction

As nations implement policies to reduce emissions,
they face a critical challenge in balancing indus-
trial protection with the transition to cleaner tech-
nologies. In emission-intensive and trade-exposed
(EITE) sectors, such as steel and cement, penal-
izing emissions by domestic producers risks emis-
sions leakage [1, 2], with production shifting from
lower-emitting and more expensive domestic man-
ufacturers to higher-emitting and cheaper interna-
tional manufacturers in countries without compar-
able environmental policies. The offshoring of these
industries can cause economic losses and threaten the
political viability of climate policies [3–5].

At present, EITE industries have been largely
exempt from emission reduction policies. For
example, in the European Union (EU), while indus-
trial emissions have been subject to a cap-and-trade
emissions pricing scheme, the emissions trading sys-
tem (ETS), free emissions allowances were made

available to producers of iron and steel, aluminum,
cement, fertilizers, and hydrogen. Free allowances
protect domestic industries but do little to reduce
emissions in these energy-intensive sectors. However,
in the EU, these exemptions will be phased out start-
ing in 2026, with the simultaneous implementation
of a carbon border adjustment mechanism (CBAM)
[6]. Under CBAM, domestic EITE industries will not
receive free ETS allowances anymore and will pay the
full ETS price, while imported products from foreign
EITE-sector producers are charged for the embodied
emissions in their products. This charge will be equal
to the ETS price minus any carbon price paid on the
product in its country of origin. Other countries,
including the USA [7],Canada [8],United Kingdom
[9],and Australia [10],have explored CBAMs, but do
not currently have formal plans for implementation.

CBAMs have been proposed as a solution that
allows environmental policy to be implemented
while protecting domestic industries [11–13]. By
aligning emissions pricing for imported goods and
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domestically-produced goods, they aim to provide
a level playing field for domestic industries, redu-
cing emissions leakage and offshoring while spurring
a transition to lower-emissions technologies in
domestic industries.

The effects of CBAMs in EITE sectors have been
extensively studied with computable general equi-
librium and other economic models, particularly
investigating the impact that the EU’s CBAM will
have domestically and on international trade part-
ners. These studies find that a CBAM can reduce
emissions leakage [11, 12, 14]. However, the impact
on leakage rates, which are the percentage of for-
eign emissions increase relative to domestic emissions
decrease, can vary greatly between studies [11, 12].
With respect to protecting domestic industries, policy
design seems to play an important role. Regions opt-
ing for phasing out free allowances and implement-
ing an import-focused CBAM, may lose competit-
iveness in the export market [15–18]. Specifically, an
exporter rebate that exempts exporters in the CBAM-
implementing region may be important to main-
tain international competitiveness of the industry.
Additionally, the number of regions implementing a
CBAM seems to impact its effectiveness, with collect-
ive action among more members decreasing emis-
sions leakage and increasing domestic production
more than a unilateral CBAM policy [19].

There is also concern about how a CBAM imple-
mented in wealthier countries may negatively impact
less-wealthy nations, as CBAM can shift the burden
to reduce emissions or lose production onto poorer
trade partners. Analyses have typically found that
less developed countries will lose some production
due to declining exports [20–22]. While this is to a
certain extent a desired outcome of CBAM for the
implementing country, it is an important considera-
tion, especially given the context of the Paris agree-
ment, which allows for a lower rate of decarboniz-
ation in less-wealthy countries. Further combining
these border adjustments with subsidies for domestic
green steel production could exacerbate this trade-off
between decarbonization and fairness between higher
and lower income regions [23, 24]. Lower-income
regions may lack the ability and funds to implement
similar subsidies, while other trade partners might
respond with protectionist trade policy to safeguard
their own industry.

To our knowledge, no studies so far have evalu-
ated the impacts of a CBAM for products from EITE
industries under heterogeneous international climate
action and the continued presence of free emissions
allowances. This context is however crucial for evalu-
ating the pros and cons of CBAM,which is an import-
ant item on the climate policy agenda in many coun-
tries. Therefore, in this study, we reflect this con-
text with a theoretical application of CBAM in the

iron and steel sector (representing about $2.5 trillion
in revenue and 7% of energy sector CO2 emissions
[25]) by OECD countries. Specifically, we evaluate
how CBAM would affect global steel production and
trade in scenarios of deep decarbonization consist-
ent with existing Paris Agreement pledges up to 2050
in a modified version of the global change analysis
model (GCAM) [26],an integrated assessment model
(IAM). Using a technology-rich IAM allows sector-
specific analysis while capturing economy-wide emis-
sions and energy use. Furthermore, it advances the
modelling of policies in IAMs to develop more real-
istic decarbonization pathways, particularly as trade
policies have been mentioned as a point of improve-
ment for IAMs [27].

2. Methods

2.1. GCAMmodel
This study uses a modified version of the GCAM 7.0,
an open-source IAM developed by the Joint Global
Change Research Institute. GCAM represents inter-
actions between the economy, energy system, agricul-
ture, land use, water, and emissions across 32 global
regions, accounting for greenhouse gas emissions, cli-
mate outcomes, and resource use at fine spatial resol-
ution. The model version used here is publicly avail-
able on GitHub3.

To represent a CBAM, the iron and steel sector
in GCAM 7.0 [28] was substantially extended. The
number of steel production technologies was expan-
ded from 9–18 using technology data from Agora
Industry, Wuppertal Institute, and Lund University
[29],including additional carbon capture options,
detailed electric arc furnace configurations, hybrid
direct reduced iron routes, and novel processes such
as molten oxide and alkaline electrolysis (table 1).
Scrap-based steel production is constrained by global
availability, with total scrap use capped at 1090 Mt
in 2050, consistent with the IEA iron and steel
technology roadmap [25].

The steel trademodule wasmodified to trace both
emissions intensity and region of origin. GCAM’s
standard Armington trade structure was expan-
ded into six steel trade pools, distinguishing low-,
medium-, and high-emissions steel from OECD
and non-OECD producers (figure 1). This struc-
ture allows import taxes based on the average direct
emissions of each trade pool, consistent with CBAM
design (table 1). Trade shares in 2015 are calibrated
using resourcetrade.Earth data [30],with emissions-
category trade assumed to follow production shares.

Steel demand responds to income and price elast-
icities, with a price elasticity of −0.1. GCAM runs

3 https://github.com/russellhz/gcam-core/tree/steel_cbam_
production_differentiate.
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Figure 1. Graphical representation of steel trade modelling for this study, with six trade markets based on the region of origin and
the carbon emissions embedded in the product. See SI table 1 for a comparison with the default GCAM trade representation.

in 5 year steps from 2020, solving emissions tar-
gets through least-cost optimization. Policy inputs
include regional CO₂ reduction targets, sectoral cov-
erage defining free allowances, and steel import taxes
defining CBAM tariffs. Key outputs include steel pro-
duction, trade, emissions, and policy costs. See sup-
plementary information for a more extensive meth-
odological overview.

2.2. Scenarios
All scenarios in this study are constrained to follow
deep emissions reductions pathways consistent with
long term targets that countries have made as part
of the Paris agreement [31]. Figure 2 shows an over-
view and nomenclature of the scenarios included in
this study. The scenarios without a CBAM imple-
mented (NoCBAM_NoFA, NoCBAM_FA-All, and
NoCBAM_FA-nonOECD) apply emission reduction
targets for fossil fuel and industry (FFI) CO2 emis-
sions based on NDCs and LTTs [31], one combined
target for all OECD regions and another combined
constraint for non-OECD regions. Subsequently, the
model calculates the regional carbon prices necessary
to achieve these targets, and these carbon prices are
then used in all other scenarios to (i) constrain emis-
sions, and (ii) to calculate the relevant CBAM tariff
(which is equal to the direct emissions, see table 1,
multiplied by the difference between the tax applied
to regionally produced steel and the tax applied in the
region of origin, which is zero if that region applies
free allowances). For simplicity, this study assumes
uniform carbon prices between all OECD regions
(and also between non-OECD regions), such that the

CBAM tariff is zero for steel trade between OECD
regions, and uniform for imports from any non-
OECD region. GCAM regions do not perfectly align
with OECDmembership (see SI table 1); Argentina is
included in the OECD group as a candidate country
with a 2050 net-zero target.

In scenarios with a CBAM, the adjustment tax is
implemented starting in 2025, in all OECD regions.
The CBAM is equal to the difference in carbon tax
between the OECD and the non-OECD exporting
regions. We additionally examine the role of free
emissions allowances for iron and steel producers.
In regions with free allowances, emissions from iron
and steel producers count towards overall emissions
targets but face no carbon tax, leading to steeper
emissions reductions in other sectors and no incent-
ive to decarbonize in the steel sector. In regions
without free allowances, including all regions with a
CBAM, all emissions from steel production, whether
for domestic consumption or export, face emis-
sions pricing. For example, in the CBAM-OECD_FA-
nonOECD scenario, OECD regions implement a
CBAM and do not grant free allowances, while non-
OECD regions do.We also include theNoCBAM_FA-
nonOECD scenario, inwhich there is noCBAM in the
OECD, butOECD regions do not grant free emissions
allowances, while non-OECD regions do. This scen-
ario isolates the effects of CBAMwhen free allowances
differ across regions.

Furthermore, we add two variations to the
CBAM-OECD scenarios to understand two com-
monly suggested policy solutions to further
protect domestic industry: export rebates and

3
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Table 1. Levelized non-energy costs and energy inputs for iron and steel production technologies, and estimated direct emissions from fuel use (coal, gas, and biomass) and emissions category grouping (High, Medium, or Low) by
steel technology. Table is synthesized from data by Agora Industry, Wuppertal Institute and Lund University (2024) [29].

Levelized non-energy costs
(2019$/ton of finished steel) Energy inputs (GJ/ton of finished steel)

Technology 2020 2030 2050 Electricity Gas Coal Biomass H2
Direct emissions
(kg CO2/ton finished steel)

Emissions
Category

BF_BOF 377.7 379.9 387.5 0.47 1.28 21.15 0 0 2183 High
BF_BOF_BECCSmax 467.7 473.1 480.7 3.50 3.19 12.96 7.62 0 <0 Low
BF_BOF_BECCSmin 467.7 472.1 478.6 3.49 3.19 14.11 6.46 0 <0 Low
BF_BOF_CCS_73% 460.2 464.6 471.1 3.48 1.28 21.15 0 0 590 Medium
BF_BOF_CCS_86% 509.0 514.4 522.0 4.13 1.28 21.15 0 0 306 Low
DRI_EAF_BECCS 484.1 619.2 622.4 3.87 0 0 17.99 0 <0 Low
DRI_EAF_coal 589.1 595.6 608.6 4.42 2.61 21.48 0 0 2286 High
DRI_EAF_coal_CCS 609.1 616.7 629.7 9.80 2.61 21.48 0 0 320 Low
DRI_EAF_H2 481.6 599.9 603.2 2.70 0 0 0.58 11.57 0 Low
DRI_EAF_NG 589.1 595.6 608.6 2.05 13.97 0.08 0 0 736 Medium
DRI_EAF_NG_CCS 596.6 604.2 617.2 2.71 13.97 0.08 0 0 199 Low
EAF_scrap_bio_elec_finish 446.3 452.8 452.8 5.76 0 0 0.41 0 0 Low
EAF_scrap_bio_NG_finish 446.3 452.8 452.8 3.15 2.61 0 0.41 0 136 Low
EAF_scrap_fossil_elec_finish 446.3 452.8 452.8 5.32 0.44 0.40 0 0 64 Low
EAF_scrap_fossil_NG_finish 446.3 452.8 452.8 2.71 3.05 0.40 0 0 199 Low
AEL_EAF 522.2 572.1 572.1 17.59 0 0 0.41 0 0 Low
MOE 480.9 480.9 480.9 19.10 0 0 0 0 0 Low
DRI_SAF_BOF_BECCS 611.5 622.4 626.7 6.05 0 0 17.23 0 <0 Low
DRI_SAF_BOF_H2 590.0 605.2 608.5 2.61 0 0 1.55 10.81 0 Low
DRI_SAF_BOF_NG 596.5 600.9 604.1 2.61 13.31 0.11 0 0 704 Medium
SR_BOF 521.0 492.2 449.7 2.12 1.84 13.78 0 0 1476 High
SR_BOF_CCS 519.7 519.7 474.7 2.99 1.84 13.78 0 0 207 Low
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Figure 2. Study scenarios.

green subsidies. In the CBAM_OECD_NoFA_Reb
and CBAM-OECD_FA-nonOECD_Reb scenarios,
exports from the OECD to the non-OECD receive
a price reduction equal to the difference in carbon
tax between the OECD and non-OECD (equal to
the adjustment tax applied for CBAM, as explained
above). This mechanism aims to improve OECD
export competitiveness in non-OECDmarkets. In the
CBAM_OECD_NoFA_Subs and CBAM-OECD_FA-
nonOECD_Subs scenarios, all ‘low-emissions’ iron
and steel technologies in the OECD receive a sub-
sidy equal to 50% of the capital costs, regardless of
whether these iron and steel products are consumed
domestically or exported.

3. Results

We present the results of the policy scenarios in three
steps. First, we examine the effects of emissions allow-
ances in the absence of a CBAM, highlighting their

implications for steel production, trade, and mitiga-
tion outcomes. Second, we assess the impact of intro-
ducing a CBAM when no free allowances are gran-
ted anywhere. Third, we evaluate CBAM outcomes
when free allowances are retained outside the OECD,
reflecting the policy reality that few countries simul-
taneously tax steel emissions and expose their steel
production to foreign imports. Fourth, we analyse
the net effect of an overall transition away from free
allowances and towards a CBAM implementation in
OECD countries. Finally, we examine whether export
rebates and technology subsidies can offset competit-
iveness losses or strengthen mitigation incentives.

3.1. Impact of emissions allowances without CBAM
Under the NDC and LTT commitments, both OECD
and non-OECD regions reduce CO₂ FFI emissions
substantially by mid-century, although reductions
occur earlier and more rapidly in the OECD. OECD
regions reach net-zero CO₂ FFI emissions by 2045

5
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Figure 3. (a) Total economy-wide CO2 FFI emissions (inputs based on real-world NDC and LTT targets, and thus identical
between scenarios) and (b) carbon price by region grouping in the NoCBAM scenarios. In the NoCBAM_FA-nonOECD scen-
ario, OECD follows the bold blue (no free allowances) and non-OECD follows the dashed red (free allowances) carbon price
trajectory.

(figure 3). In scenarios without a CBAM, these asym-
metric mitigation efforts translate into persistent car-
bon price differentials. In the absence of free emis-
sions allowances (NoCBAM_NoFA), OECD carbon
prices exceed non-OECD prices by USD 109/tCO₂ in
2030 andUSD15/tCO₂ in 2050.When free allowances
are granted globally (NoCBAM_FA-All), the price
gap widens substantially, reaching USD 219/tCO₂ in
2030 and USD 704/tCO₂ in 2050, reflecting the need
to deploy negative-emissions technologies to offset
residual steel-sector emissions. Because the emis-
sions constraint applies only to CO₂ FFI emissions
in GCAM, these negative emissions must come from
carbon capture rather than land sinks, driving partic-
ularly high OECD carbon prices after 2040.

These price differences have immediate con-
sequences for steel production. In the absence of
a CBAM, OECD steel production declines between
2015 and 2030 in all scenarios (figure 4). The reduc-
tion is largest in NoCBAM_NoFA (−195 Mt) and
NoCBAM_FA-nonOECD (−289 Mt), where OECD
producers face higher effective carbon costs than their
non-OECD counterparts. By contrast, the decline
is limited to 76 Mt in NoCBAM_FA-All, since free
allowances shield direct steel emissions from car-
bon pricing and affect steel prices only indirectly
through energy inputs. By 2050, OECD produc-
tion rebounds above 2015 levels in NoCBAM_NoFA
and NoCBAM_FA-All, but not in NoCBAM_FA-
nonOECD, where carbon prices onOECD steel emis-
sions continue to rise while remaining zero in the
non-OECD.

Across all years, OECD steel production is highest
when free emissions allowances are granted glob-
ally. This outcome is expected, as it is the only scen-
ario in which direct steel emissions are unpriced in
the OECD, resulting in lower steel prices and higher
global demand. In this case, OECD exports to non-
OECD regions remain substantial, reaching 409Mt in
2050, compared to only 178 Mt in NoCBAM_NoFA.

From a mitigation perspective, however, global
free allowances significantly undermine decarbonisa-
tion. In 2050, only 504 Mt of low-emissions steel is
produced in NoCBAM_FA-All, compared to 1854Mt
inNoCBAM_NoFA (figure 5).Without a price on dir-
ect steel emissions, adoption of low-emissions tech-
nologies remains limited, beyond modest growth in
scrap-based production. As a result, global steel-
sector emissions remain high, at roughly 1 Gt in 2030
and 2.4–2.8 Gt in 2050, with the majority occurring
in non-OECD regions (figure 6).

The NoCBAM_FA-nonOECD scenario—where
free allowances are removed only in the OECD—
illustrates the core motivation for CBAM. In this
case, OECD steel production falls sharply relative to
NoCBAM_FA-All: from 406 Mt to 210 Mt in 2030,
and from 792 Mt to 224 Mt in 2050 (figure 7).
OECD steel becomes more expensive than non-
OECD steel in all regions due to the unilateral
carbon tax (figure 8), leading to substantial emis-
sions leakage. In 2030, OECD steel emissions fall
by 568 MtCO₂, but non-OECD emissions rise by
401MtCO₂ (figure 6), corresponding to a leakage rate
of 71%. When only the OECD prices steel emissions,

6
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Figure 4. Comparison of region of production and consumption of steel between (a) all no free allowances scenarios (b) the
NoCBAM scenario with free allowances globally compared to CBAM scenarios with free allowances in the non-OECD and (c) all
scenarios with free allowances in non-OECD. Figures on left show absolute steel production/consumption in Mt for NoCBAM
scenarios, while figures on right show differences between the CBAM and NoCBAM scenarios.

non-OECD producers gain a cost advantage and have
little incentive to adopt or export low-emissions steel.

3.2. CBAM effects without free emissions
allowances
Introducing a CBAM in a setting without
free emissions allowances initially delivers the
intended competitiveness effects. Comparing
CBAM_OECD_NoFA to NoCBAM_NoFA, OECD

steel production increases in 2030 (figure 4) and low-
emissions steel production rises slightly (figure 5).
OECD consumption of OECD-produced steel
increases by 72.6Mt (+28.5%), while exports to non-
OECD regions decline by only 1.9 Mt (−3.8%). The
EU and the United States benefit most in absolute
terms, with increases in net exports of 16.1 Mt and
14.4 Mt, respectively (figure 7(a)), whereas China
experiences the largest loss, with net exports falling
by 45.6 Mt.
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Figure 5. Comparison of low-emissions steel production by region between (a) all no free allowances scenarios (b) the NoCBAM
scenario with free allowances globally compared to CBAM scenarios with free allowances in the non-OECD and (c) all scenarios
with free allowances in non-OECD. Figures on left show absolute steel production/consumption in Mt for NoCBAM scenarios,
while figures on right show differences between the CBAM and NoCBAM scenarios.

Mitigation effects are modest but positive.
Global low-emissions steel production increases
by about 13 Mt (2%), entirely within the OECD
(figure 5). Since all steel emissions are already priced
in NoCBAM_NoFA, the additional mitigation effect
of the CBAM arises mainly from shifting production
toward regions with higher carbon prices rather than
from further strengthening technology incentives.

These CBAM effects largely disappear by 2050
as carbon prices converge across regions. By that

year, no region experiences a change in net exports
greater than 2 Mt. This convergence is reflected
in steel price differentials: in 2030, high-carbon
OECD steel imports are USD 0.26/kg more expens-
ive than non-OECD imports in the absence of a
CBAM, but this difference falls to USD 0.07/kg by
2050 (figure 8). Consequently, while the CBAM
improves the relative competitiveness of OECD
steel in 2030, it provides little advantage by
mid-century.

8
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Figure 6. Direct CO2 emissions from iron and steel production, in scenarios without CBAM.

3.3. CBAM effects with free emissions allowances
To isolate the effect of CBAM under more real-
istic policy conditions, we next examine scenarios
where the steel sector enjoys free emissions allow-
ances as a protective measure to avoid exposure
to foreign markets. Two comparisons are partic-
ularly informative: CBAM_OECD_FA-nonOECD
versus NoCBAM_FA-nonOECD, where only non-
OECD countries grant free allowances in both scen-
arios, which serves to isolate the impacts of CBAM
alone, and CBAM_OECD_FA-nonOECD versus
NoCBAM_FA-All, reflecting the expected real-world
transition from free allowances to CBAM implement-
ation (here, in the OECD) (see also figure 2).

A. CBAM compared to free allowances in the non-
OECD only (isolated CBAM effect)

Whit free emission allowances in the iron and
steel sector in the non-OECD, the net effect of
CBAM is to protect domestic OECD markets, and its
effects persist over time. Relative to NoCBAM_FA-
nonOECD, CBAM_OECD_FA-nonOECD increases
OECD consumption of OECD-produced steel by
139 Mt (+73.9%) (spread out through all OECD
regions; see figure 7(c)) in both 2030 and 2050, while
reducing consumption of non-OECD steel by 148Mt
(−65.3%). Total OECD steel consumption declines
slightly (−11 Mt), reflecting higher steel prices once
cheap non-OECD imports are subject to the CBAM.

Exports to non-OECD regions remain limited,
at roughly 25% of 2015 levels in 2030 and 45% in
2050. This confirms that, in the absence of export

rebates (see 2 sections ahead), CBAM primarily
shields domestic markets rather than supporting
OECD export competitiveness.

In contrast to the trade impacts, mitigation bene-
fits are substantial. Low-emissions steel production in
OECD increases substantially (figure 5(c)) by about
65% persistently throughout 2050, and global steel-
sector CO₂ emissions fall by 0.33 Gt in 2030 and
0.32 Gt in 2050 (figure 9).

B. CBAM compared to free allowances globally
(transition from free allowances to CBAM in
OECD countries)

The most adverse outcomes for OECD producers
occur when CBAM is combined with the removal
of free allowances in the OECD, relative to a situ-
ation where free allowances are granted globally. In
2030, OECD steel consumption within the OECD
rises modestly by 20 Mt (+6.5%), but exports to
non-OECD regions fall sharply by 94.4 Mt (−85.1%)
(figure 4). By 2050, these negative effects intensify:
OECD steel consumption declines by 54.4 Mt in the
OECD (−14.2%) and by 374.9 Mt in non-OECD
regions (−91.6%).

The main beneficiaries of this policy configura-
tion are non-OECD exporters, particularly China and
Russia, whose net exports increase by 167.4 Mt and
49.4 Mt, respectively, by 2050 (figure 7(b)). Within
the OECD, the largest export losses occur in Japan
and South Korea in 2030, and in Mexico and Japan
in 2050. These results confirm that while CBAM
alone can support OECD steel producers, combining

9
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Figure 7. Steel net exports by GCAM region for different scenario combinations: (a) total net exports in the scenario without free
allowances or CBAM (upper part), and relative impact of CBAM on net exports in the absence of free allowances (lower part);
(b) total net exports in the scenario with free allowances and without CBAM (upper part), and relative impact of net export of
CBAM in combination with ending free allowances in OECD countries (lower part); (c) total net exports in the scenario without
CBAM or free allowances in OECD, but with free allowances in non-OECD (upper part), and relative impact of CBAM in OECD
on net exports in that context (lower part).

10



Environ. Res. Lett. 21 (2026) 034025 R Horowitz et al

Figure 8. Absolute difference in price of importing OECD versus non-OECD steel by region and steel emissions category. The
top panels for each year show the price difference for OECD importers, while the bottom panels in each year are for non-OECD
importers, which are identical to that of OECD importers in the scenarios without CBAM (black circle, triangle, and diamond),
but not for scenarios with CBAM (coloured circles and triangles), which by design limits the price differential in OECD coun-
tries. Relative price differences (traded OECD steel/traded nonOECD steel) are added for ‘CBAM-OECD’ scenarios to provide
relative benchmark.

CBAMwith the removal of free emissions allowances
substantially erodes OECD export competitiveness.

Low-emissions steel production increases in both
OECD and non-OECD regions, with total output
rising by 33% in 2030 and 23% in 2050, while
OECD output of low-carbon steel increasing by
nearly 200% inOECD throughout 2030 (figure 5(b)).
Total steel sector emissions decline by about 0.5 Gt
in 2030, but slightly increase in 2050 (around 0.2 Gt)
(figure 8), driven by a large-scale replacement of relat-
ively cleaner OECD steel by non-OECD steel in non-
OECD countries.

3.4. Export rebates and technology subsidies
Export rebates and green technology subsidies are
introduced to assess whether these instruments can
offset competitiveness losses or enhance mitigation
outcomes. Export rebates—set equal to the difference

between OECD and non-OECD carbon taxes—raise
OECD steel production in CBAM scenarios. In the
absence of free allowances, rebates increase OECD
exports to non-OECD regions by 63 Mt in 2030 rel-
ative to CBAM_OECD_NoFA (figure 4). However, as
with CBAM alone, these effects disappear by 2050 as
regional carbon prices converge.

When free allowances persist in the non-
OECD, rebates increase OECD production by
71 Mt in 2030 and by 157 Mt in 2050 relative to
CBAM_OECD_FA-nonOECD, effectively restor-
ing production levels close to NoCBAM_FA-All
(figure 4(b)). Nevertheless, even with rebates, OECD
exports remain below those in NoCBAM_FA-All
in 2050, as higher-cost low-emissions technologies
raise export prices (figure 8). This export beha-
viour may overstate the role of advanced techno-
logies, which are unlikely to be widely exported
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Figure 9. 2030 and 2050 global direct CO2 emissions from steel production by scenario. Colour legend reflects CBAM policy
implementation, and the shape legend reflects whether the steel industry received or not free allowances.

to non-OECD regions due to cost and eligibility
constraints.

Overall, export rebates have limited effects on
emissions and technology adoption. The largest mit-
igation impact is a reduction of 19 Mt of low-
emissions steel production in the non-OECD in 2050
when rebates are applied (figure 5). Similarly, sub-
sidies covering 50% of capital costs for low-emissions
steel technologies have little effect on production or
trade patterns. They modestly increase global low-
emissions steel output—by 10 Mt in 2030 and 19 Mt
in 2050—particularly in scenarios without free allow-
ances, but do not materially alter competitiveness
outcomes.

We discuss the results of the abovementioned
scenarios in terms of steel production and trade, steel
decarbonisation, and emissions, first by assessing the
impact of steel sector emission allowances alone, then
by assessing the impacts of CBAM without and with
free allowances, and finally by assessing the potential
impacts that export rebates and technology subsidies
may have.

4. Discussion

In this study we show the modelled results of a novel
implementation of a CBAM on iron and steel trade
in a global mitigation context. The results are broadly
consistent with the previous literature on CBAM,
showing a benefit in implementing regions in terms of
reduced emissions leakage and increased production
of steel, compared to scenarios where steel emissions
are taxed, but there is no CBAM. In the real-world
policy context however, it is unlikely that products

from EITE sectors like steel will be taxed without pro-
tective measures, as doing so will likely lead to car-
bon leakage [1, 2], which harms domestic industry
while not favouring the environment. Therefore, a
main innovation in this study has been to assess
CBAM under conditions where free emissions allow-
ances persist in either or both OECD and non-OECD
regions. Our results show that in the presence of free
allowances in non-OECD countries, the net effect
of CBAM in the OECD is significantly beneficial,
avoiding the displacement of around two-thirds of
domestic steel production. However, in combination
with removing free emissions allowances for steel
producers, the net effect (of CBAM + removal of
free allowances) is limited for domestically consumed
steel and detrimental to OECD producers in export
markets.

In terms of emissions, the combination of phas-
ing out free allowances and implementing CBAM
triples low-carbon steel productionwithin theOECD,
reducing OECD steel emissions to close to zero, and
global steel sector emissions by around 0.3 Gt CO2.
However, policymakers may face a trade-off between
reducing domestic emissions or supporting domestic
industry by offering export rebates to compensate
the export losses of domestic producers; while in our
scenarios we do not see global steel emissions increase
due to export rebates, this is because an increase in
OECD steel emissions is balanced by a decrease in
non-OECD emissions.

These scenarios also contribute to the literature
questioning the potential fairness of CBAM policies
for developing nations. For globally traded com-
modities, imposing a policy that defines conditions
for imports from other regions may harm industrial
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development in developing regions. This harm is fur-
ther increased if CBAM is combined with export
rebates or domestic subsidies for low-carbon steel.
The CBAM is seen to decrease net exports of steel
in most of Africa and parts of South Asia and Latin
America, with impacts varying by policy design. This
may be a trade-off policymakers are willing to take to
reduce emissions, but they may also want to consider
how to support green industrial development in less-
wealthy regions [32]. There are also risks of retaliation
in trade policy, not captured in this analysis.

There are a number of limitations of this study.
The CBAM we implement here does not take into
account indirect steel emissions, for example from
electricity used in steel manufacturing, which may
lead to an underestimation of policy impacts. As
well, by grouping steel into emissions categories, the
CBAM is not perfectly calculated to the direct emis-
sions of each steel technology. We also note that the
steel demand model in GCAM is a non-linear model
based on GDP per capita. Future work could improve
demand representation through material flow mod-
els and explicit recycling and substitution options
[33]. Additionally, in GCAM we only model the
trade of iron and steel, not steel-dependent finished
products. The impacts of these policies may grow
if we take into account the steel used in imported
vehicles, for example, although it is unclear how real-
world implementation of a CBAM might account
for these products. The initial phase of the EU’s
CBAM will not apply to finished or semi-finished
products.

Despite these limitations, we believe this work
represents an important step towards modelling real-
world trade policies in IAMs. Although the scen-
arios presented here are relatively stylized for tract-
ability, future works could combine current policies
and regional climate mitigation plans with this struc-
ture to better understand economy-wide and steel-
industry specific mitigation potential.
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