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Abstract: Facing green trade barriers from developed nations, particularly the EU, based on product
carbon footprints, China’s renewable energy industries confront significant challenges in transitioning
towards sustainability and low carbon emissions. This study delves into the carbon footprint of
China’s renewable infrastructure, evaluating wind turbines, photovoltaic (PV) panels, and lithium
batteries across varied decarbonization scenarios, emphasizing both production and international
trade transportation. The initial findings for 2022 indicate baseline carbon footprints of 990,701 kg
CO2-eq/MW for wind turbines, 2994.97 kg CO2-eq/kWp for PV panels, and 67.53 kg CO2-eq/kWh
for batteries. Projections for 2050 suggest that decarbonization advancements could slash these
footprints by up to 36.1% for wind turbines, 76.7% for PV panels, and 72.5% for batteries, closely
mirroring the EU’s 2050 low-carbon benchmarks. Considerable carbon footprints from both domestic
and international transportation have been quantified, underscoring the importance of logistic
decarbonization. Based on these results, it is concluded that China’s steadfast commitment to a
sustainable and climate-ambitious development path can provide globally competitive, low-carbon
renewable infrastructure after 2030. The study advocates for a collaborative approach to product
decarbonization across international trade, as opposed to erecting barriers, to effectively contribute
to global climate objectives.

Keywords: green trade barriers; product carbon footprint; renewable infrastructure; decarbonization
scenarios; China; international trade transportation; sustainable development; carbon neutrality

1. Introduction

Amid the rising challenges of climate change, the global community has rallied around
a unified sustainability agenda, significantly underscored by the United Nations’ Sustain-
able Development Goals (SDGs) established in 2015 [1]. These ambitious goals aim to
address a comprehensive array of global issues, including poverty, inequality, environmen-
tal degradation, and, crucially, climate action. Among them, achieving carbon neutrality is
a critical objective across the globe to mitigate the adverse impacts of climate change. The
Intergovernmental Panel on Climate Change (IPCC) has underscored the pressing need for
immediate and substantial reductions in greenhouse gas (GHG) emissions to limit global
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warming to well below 2 degrees Celsius, aiming for 1.5 ◦C above pre-industrial levels,
thereby emphasizing the urgency of curtailing emissions [2].

Reflecting the global call for action, many countries have now pledged to reach carbon
neutrality by the mid-21st century [3]. Achieving Paris Agreement temperature goals
requires carbon neutrality by the middle of the century with far-reaching transitions in the
whole of society [4]. China, as part of its contribution to this global effort, announced in
September 2020 its commitment to peak carbon dioxide emissions before 2030 and achieve
carbon neutrality before 2060. The industrial sector has been identified as a significant
contributor to China’s GHG emissions, responsible for over 65% of the country’s energy
consumption and more than 70% of its total GHG emissions [5]. Thus, electricity supply
should be the first priority for decarbonization, as it is instrumental in advancing the
country’s climate goal [6].

Renewable energy is becoming increasingly pivotal in the context of globalized inter-
actions, significantly influencing the way nations collaborate and engage with each other.
As the global community grows more conscious of the need for sustainable development,
the significance of renewable energy infrastructure, including wind turbines, photovoltaic
(PV) panels, and lithium batteries, is taking center stage in international trade and diplo-
macy [7,8]. Wind and PV power are pivotal in developing a sustainable society toward
carbon neutrality [9]. The intermittency and unpredictability of these natural resources
necessitate energy storage systems, with rechargeable Li-ion batteries emerging as leading
candidates [10]. Investments in renewable energy sources are becoming economically vi-
able as the costs of PV and wind turbines continue to decline, further driving the transition
to a low-carbon economy [10]. The global and U.S. cumulative installed capacities for solar
and wind energy, significant as of 2020, are expected to increase substantially by 2050,
underscoring the growing reliance on these sustainable energy sources [11]. Addition-
ally, the electrification of transportation, particularly through electric vehicles powered by
lithium-ion batteries, is set to play a crucial role in reducing carbon emissions and fostering
a net-zero economy [12].

The transition towards renewable energy and the associated infrastructure are crucial
not just for reducing GHG emissions but also for ensuring energy security and economic
sustainability. As such, the development and deployment of wind turbines, PV panels, and
lithium batteries represent key components of the global strategy to combat climate change
and achieve the SDGs, especially those related to affordable and clean energy (SDG 7) and
climate action (SDG 13).

However, the production of renewable energy infrastructure is associated with signifi-
cant carbon footprints. This paradox arises because the manufacturing processes often rely
on energy-intensive materials and methods. For instance, the production of PV panels still
entails environmental impacts that occur earlier in the supply chain, indicating a shift in
carbon footprint shares along the supply chain [13]. Developed countries are addressing the
challenge of significant indirect GHG emissions associated with imported goods, while also
safeguarding their own manufacturing industries, through the implementation of green
trade barriers. These include measures such as the Carbon Border Adjustment Mechanism
and new European battery regulations. It is highly probable that China’s renewable energy
products, in addition to batteries, will fall under such trade policies, potentially restricting
their exportation [14]. The European Union’s Battery Regulation, with its mandatory eligi-
bility for full-life cycle carbon footprint declaration, significantly impacts the global leading
lithium battery industry, China. Consequently, the export competitiveness of Chinese
lithium batteries is expected to decline due to the imposition of import carbon tariffs by
receiving countries [15]. This indicates the importance of analyzing the future carbon
footprint of renewable energy infrastructure to understand its potential effectiveness in
preventing carbon leakage.

Previous studies have extensively investigated the carbon footprint of renewable
energy power generation, focusing largely on the national level and specific technologies.
For example, Li et al. [16] examined the life cycle CO2 emissions of eight power gener-
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ation technologies across China, offering a comprehensive overview at a national scale.
Pehnt [17] utilized a dynamic life cycle assessment (LCA) method to assess the projected
environmental impact of renewable energy by 2030, while Emmott et al. [18] analyzed
the impact of photovoltaic technology selection on the carbon budget during the energy
transition. The cradle-to-gate energy use and GHG emissions of lithium-ion batteries were
analyzed along with the potential emission reductions through grid decarbonization [19].

These studies, alongside data from the Ecoinvent database [20], provide valuable
insights into a clear carbon footprint level and contribution for the renewable energy
infrastructure. However, these existing analyses have limitations, particularly in not
adequately considering dynamic decarbonization scenarios or accounting for the carbon
footprint contributions from international trade transportation. This oversight is significant
in the context of international trade policies leveraging product carbon footprints as a
means to restrict high-carbon products from countries like China, where the energy system
is still predominantly coal-based. The absence of a thorough analysis that incorporates
a wide array of future decarbonization pathways and accounts for the carbon footprint
of international transportation limits the efficacy of guiding China and other developing
nations in formulating industrial manufacturing decarbonization strategies [21].

Thus, to fill these voids, this study provides a detailed examination of renewable
energy infrastructure’s carbon footprint in China, factoring in different decarbonization
pathways and the implications of international trade. Employing a comprehensive cradle-
to-gate analysis, we meticulously assess the future carbon footprint of wind turbines, PV
panels, and lithium batteries within the context of various decarbonization scenarios in
China. Furthermore, this study uniquely integrates the carbon footprint contributions
from both domestic and international transportation, offering a holistic view of the climate
change impact of China’s renewable infrastructure manufacturing and exportation. This
study highlights the pivotal role of China’s shift towards low-carbon manufacturing and
sustainable trade practices in overcoming the hurdles of green trade barriers. It advocates
for a global collaborative approach to climate change mitigation, emphasizing the inter-
connection of domestic energy policies, manufacturing practices, and international trade
dynamics in reducing the environmental impact of renewable energy infrastructure.

2. Methods

We employed the ISO 14040 standard [22] as the framework for the LCA methodology,
which consists of Goal and Scope Definition, Life Cycle Inventory (LCI), Life Cycle Impact
Assessment (LCIA), and Interpretation [23]. The scenario analysis framework was advanced
based on our previous research about water treatment module manufacture [24].

2.1. Goal and Scope Definition

PAS 2050 categorizes the life cycle of a product as either “cradle-to-gate” or “cradle-to-
grave”. The former encompasses the process from the extraction of raw materials through
the production and processing of products and packaging, up to the point where products
are shipped or delivered to downstream customers. The latter extends this to include use,
disposal, and recycling. In this study, the system boundary in Figure 1 is divided into
three stages: the acquisition of raw materials required for the product, the energy input at
the production stage, and the transportation process from the producer to the consumer.
Depending on the distinct characteristics of the product, the functional unit is defined as
the total peak power of solar photovoltaic cells per kWp, the carbon footprint generated by
photovoltaic panels and wind turbines per MW, and lithium batteries per kWh capacity.
Due to uncertainties in the upstream and downstream supply chains, the transportation of
raw materials, product use, and waste management are not considered in this analysis.
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the point of delivery to consumers. Not represented in the diagram are the upstream and down-
stream supply chain activities such as raw material transport, the product use phase, and end-of-
life management, which are outside the scope of this study due to supply chain uncertainties. 
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computed using the IPCC 2013 GWP 100a method, which provides the Global Warming 
Potential over a 100-year period, as shown in Table 1. The energy storage capacity of lith-
ium batteries is adjusted based on the average energy density of lithium-ion batteries (160 
Wh/kg) [25]. The detailed data required for the calculation are contained in the Supple-
mentary Materials S1. 

Table 1. Reference database for electricity generation by different products. 
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sition, energy input, and transportation. This is reflected in the life cycle carbon footprint 
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GHGMi, GHGEi, and GHGTi denote the carbon footprints at the stages of raw material 
acquisition, energy input, and transportation, respectively. 

Given the paper’s emphasis on the influence of electricity decarbonization on the fu-
ture carbon footprint of products, referring to Lu’s method [26], the cumulative GHG 
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Figure 1. System boundary illustration for the LCA of renewable energy technologies. The diagram
delineates the stages included within the cradle-to-gate analysis, which covers the extraction and
acquisition of raw materials, the product’s manufacturing phase, and the transportation process to
the point of delivery to consumers. Not represented in the diagram are the upstream and down-
stream supply chain activities such as raw material transport, the product use phase, and end-of-life
management, which are outside the scope of this study due to supply chain uncertainties.

2.2. Inventory Analysis

The inventory analysis for the LCA considers data for 1 kWp of ground-mounted solar
panels, 1 MW of onshore wind turbines, and 1 kg of lithium-ion batteries sourced from the
Ecoinvent V3.7 database. GHG emissions associated with these products are computed
using the IPCC 2013 GWP 100a method, which provides the Global Warming Potential over
a 100-year period, as shown in Table 1. The energy storage capacity of lithium batteries is
adjusted based on the average energy density of lithium-ion batteries (160 Wh/kg) [25]. The
detailed data required for the calculation are contained in the Supplementary Materials S1.

Table 1. Reference database for electricity generation by different products.

Category Unit Power
Consumption Unit Electricity Carbon

Footprint
Other Carbon

Footprint

Wind turbines kWh/MW 475,459.48 kgCO2-eq/MW 249,252.61 597,021.17
Photovoltaic panels kWh/kWp 3051.04 kgCO2-eq/kWp 1758.86 468.72

Lithium battery kWh/kg 10.41 kgCO2-eq/kg 5.94 2.18

2.3. Impact Analysis

The carbon footprint analysis model within the specified system boundary involves
summing the total carbon footprint across the three life cycle stages of raw material acquisi-
tion, energy input, and transportation. This is reflected in the life cycle carbon footprint
formula for the three products as follows:

GHGPi = GHGMi + GHGEi + GHGTi (1)

where GHGPi represents the life cycle carbon footprint of the three different products and
GHGMi, GHGEi, and GHGTi denote the carbon footprints at the stages of raw material
acquisition, energy input, and transportation, respectively.

Given the paper’s emphasis on the influence of electricity decarbonization on the
future carbon footprint of products, referring to Lu’s method [26], the cumulative GHG
emissions from cradle to gate for 1 kWp photovoltaic panels, 1 MW wind turbines, and
1 kg lithium batteries are divided into electricity consumption processes (GHGele) and other
processes (GHGother), as shown in Equation (2).

GHGPi = GHGele(i) + GHGother(i) (2)

GHGele(i) = PCi × ECFnation (3)
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Within this equation, PCi corresponds to the electricity consumption by different
products during the production process. The energy transition plays a vital role in the
global shift to a low-carbon future, and the extensive deployment of renewable energy
facilities will influence the carbon footprint factor of electricity. Therefore, the ECFnation [kg
CO2-eq/kWh] produced by the grid structure of different countries (n) at different times (t)
will vary, as outlined in the following equation:

ECFnation(n, t) =
∑
k

ECFenergy (n, t, k)× ELE(n, t, k)

∑
k

ECFenergy (n, t, k)
(4)

Based on the World Energy Outlook 2023 report by the International Energy Agency [27],
this study incorporates seven types of energy sources for power generation: coal, natural
gas, nuclear power, hydropower, biomass, wind, and solar. ECFenergy [kg CO2-eq/kWh]
represents the carbon footprint per kilowatt–hour for electricity produced by these different
energy sources. ELE [kWh] corresponds to the amount of electricity generated within the
grid structure by each type of energy source. For detailed data on ECFenergy and ELE, refer
to Supplementary Materials S1.

The calculation for the carbon footprint during the transportation phase is as per the
following Equation (5):

GHGTi = Wi × D × TCFj (5)

Here, Wi is the weight of different products, D is the distance traveled, and TCFj is the
carbon footprint per kilometer of different modes of transportation [kg CO2-eq/(t·km)],
which in this paper are considered for road, rail, and shipping. Refer to S1 in the SI for
detailed data regarding Wi and TCFj.

2.4. Scenario Analysis
2.4.1. Scenario Definition for Power Grid Decarbonization

The social transformation pathways proposed by the IPCC in 2010 [28] are namely SSP1
(sustainability, taking the green road); SSP2 (middle of the road); SSP3 (regional rivalry, a
rocky road); SSP4 (inequality, a road divided); and SSP5 (fossil-fueled development, taking
the highway). Based on the SSPs and temperature targets, namely no climate target (NCT),
a deep decarbonization target (2 ◦C) [29], and a net-zero emissions target (1.5 ◦C) [30], Li
et al. [31] projected changes in the energy mix of China’s power sector from 2020 to 2050.
Based on these data, SSP1 + 1.5 ◦C, SSP2 + 2 ◦C, and SSP3 + NCT, which represent the
low-carbon scenario, the medium-carbon scenario, and the high-carbon scenario, were
selected after calculating and screening the electricity carbon footprint under each pathway.
Then, taking into account the future development of CCS technologies to promote the
decarbonization of the power sector, this paper sets different CCS penetration ratios and
combines them with the selected scenarios to explore the impact on low-carbon power
infrastructure under extreme and intermediate scenarios, as explained in Supplementary
Materials S2.

Three distinct power decarbonization scenarios emerge from this combination: SSP1,
which adheres to the ambitious 1.5 ◦C warming threshold with full CCS implementation
(PDS1); SSP2, a middle-of-the-road scenario that aims for the 2 ◦C target with 50% CCS
(PDS2); and SSP5, a business-as-usual scenario with no GHG mitigation efforts (PDS3), as
outlined in Table 2.
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Table 2. Three different scenarios for power grid decarbonization.

Abbreviation Category Detailed Description

PDS1 SSP1 + 1.5 ◦C+ 100% CCS Low-carbon scenario: this scenario is to follow the sustainable development
path SSP1 under the 1.5 ◦C target and match 100% CCS for thermal power.

PDS2 SSP2 + 2 ◦C+ 50% CCS
Medium-carbon scenario: this scenario is an intermediate development

pathway, SSP1, under the 2 ◦C target, and 50% CCS is matched for
thermal power.

PDS3 SSP5 + NCT + 0%CCS High-carbon scenario: This scenario uses a stagnant approach with no GHG
mitigation measures.

2.4.2. Different Transport Scenarios

To thoroughly analyze products’ carbon footprints in the context of international trade,
the study incorporates various transportation scenarios, encompassing diverse origins,
destinations, and combinations of domestic and international transport modes [32–34].
These scenarios encompass manufacturing in Xinjiang, leveraging its abundant solar energy
for global markets, and trucking—encompassing diesel and electric vehicles—from coastal
regions such as Shanghai to Japan and India. The scenario matrix captures the varied
transport distances, product weights, and modes of transportation (Table 3), with specific
transport distance data detailed in Supplementary Materials S2.

Table 3. Scenario matrix of the transport process.

Production Sale Method of Transportation

SH

EU IS DRs + IRs DTs + IRs
US IS

Japan IS
India IS DRs + Irs DTs + IRs

XJ

EU DRs + IS DTs + IS IRs
US DRs + IS DTs + IS

Japan DRs + IS DTs + IS
India DRs + IS DTs + IS IRs

Note: SH, Shanghai, China; XJ, Xinjiang, China; EU, Europe Union; US, the United States; DRs, domestic railways;
IS, international shipping; DTs, domestic trucks; IRs, international railways.

3. Results and Discussion
3.1. Future Carbon Footprint of Renewable Infrastructure Manufactured in Various Countries

Figure 2 estimates the carbon footprint of renewable energy infrastructure based on
the IEA’s projections of the grid structure in different countries in 2022, 2030, and 2050. The
relevant data can be found in Table S5.

The 2022 data serve as a reference point: India’s carbon footprint was the highest
at approximately 1,147,288 kg CO2-eq/MW, primarily due to carbon-intensive practices.
China followed with a footprint of about 990,701 kg CO2-eq/MW, then Japan, the USA,
and the EU with 873,959, 817,712, and 753,774 kg CO2-eq/MW, respectively. The latter
regions’ lower footprints reflect more efficient production methodologies. Projections for
2050, based on the anticipated energy mix changes, suggest the EU will lead in footprint
reduction, with a 16.6% decrease from its 2030 figure. The USA and China are projected to
decrease by 11.1% and 23.3%, respectively, from their 2030 levels, illustrating significant
strides, especially by China, in enhancing renewable energy capacity. Japan and India are
also expected to achieve further reductions. Comparatively, China’s 2022 carbon footprint
stood 31.4% higher than the EU’s and 21.1% higher than the USA’s. By 2050, progressive
energy policies are forecasted to narrow this gap significantly, positioning China’s footprint
within 5.2% of the EU’s and only 4.2% higher than the USA’s—a remarkable alignment
with global decarbonization leaders. Furthermore, China is anticipated to surpass Japan
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with a 2.2% lower footprint, underlining China’s notable decarbonization advancements
relative to its peers.
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Figure 2. Projected product carbon footprint for renewable energy infrastructure based on IEA power
sector projections of different countries in 2022, 2030, and 2050: (a) wind turbines, (b) photovoltaic
(PV) panels, and (c) lithium batteries.

The trend of decarbonization in photovoltaic (PV) panel production parallels that
observed in wind turbine manufacturing, yet the extent and impact of reductions vary,
notably due to the significant energy intensity inherent in PV panel production. In the
baseline year of 2022, China’s carbon footprint for PV panel production was approximately
2994.97 kg CO2-eq/kWp, with projections indicating an impressive 70.6% reduction by
2050. By the year 2050, the anticipated reduction in carbon footprint positions China as a
leading nation in the energy decarbonization of the PV supply chain. Although China’s
carbon footprint for producing PV panels remains about 24.0% and 31.0% higher than
that of the EU and the USA, respectively, this represents a significant decrease from the
58.9% and 103.1% higher rates observed in 2022. Notably, China’s efforts result in a carbon
footprint that is 9.6% lower than Japan’s and markedly 42.9% lower than India’s by 2050.
The differential reduction rates across these countries are primarily due to the variable
impacts of electricity’s contribution compared with wind turbines. The energy-intensive
nature of PV panel production means that shifts towards a cleaner electricity grid translate
more directly into reductions in the carbon footprint of PV products.

The trajectory of decarbonization in lithium battery production is among the trends
observed in both wind turbine and PV panel manufacturing. In 2022, China’s carbon
footprint in lithium battery production stood at approximately 67.53 kg CO2-eq/kWh,
showcasing a projected reduction to 22.43 kg CO2-eq/kWh by 2050, marking a substantial
decrease of about 66.8%. By 2050, while China’s lithium battery production carbon footprint
is anticipated to be slightly higher than the EU’s (17.99 kg CO2-eq/kWh) and the USA’s
(18.80 kg CO2-eq/kWh) by approximately 24.7% and 19.3%, respectively, it represents a
significant improvement from 2022, demonstrating China’s substantial progress in closing
the gap with these regions. Moreover, China’s efforts yield a footprint 9.2% lower than
Japan’s (24.44 kg CO2-eq/kWh) and significantly lower than India’s (36.52 kg CO2-eq/kWh)
by 38.5%.

To sum up, the decarbonization trends in wind turbine, photovoltaic (PV) panel, and
lithium battery production underline the critical role of electricity consumption in deter-
mining the overall carbon footprint of these technologies. Beyond the impact of electricity’s
carbon intensity, other significant sources contribute to the life cycle carbon footprint of
these products, for example, from the production of critical metals [35], silicon crystals [36],
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and electrode materials [37], which are essential components of these technologies. Never-
theless, the projections of the IEA, while informative, fall short of detailing the nuanced
year-on-year shifts and scenario-based outcomes necessary for a robust low-carbon strategy.
This highlights the critical need for a deeper, more tailored analysis to effectively navigate
China’s sustainable energy transition under different scenarios.

3.2. The Impact of the Chinese Electricity Decarbonization Pathway on the Product
Carbon Footprint

The modeled projections in Figure 3 delineate the anticipated progression of carbon
footprints for wind turbines, photovoltaic (PV) panels, and lithium batteries within China.
Notably, the SSP1 scenario projects a substantial decline in carbon footprints for all three
energy technologies by the year 2050, highlighting the transformative potential of an
aggressive energy transition coupled with comprehensive CCS in thermal power. In
contrast, the SSP5 scenario projects an escalation in carbon footprints compared with
those in 2020, starkly illustrating the dire consequences of neglecting to adopt assertive
climate policies.
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batteries. Dashed lines are the comparisons with the EU’s levels for the years 2022, 2030, and 2050
based on the IEA scenarios.

In contrasting our modeled carbon footprint for wind turbines, PV panels, and lithium
batteries against the results derived from IEA reports, the projections for the 2022 baseline
are consistently higher—by approximately 5–15% across different scenarios—suggesting a
more conservative starting point for China’s current decarbonization efforts in our analysis.
By 2030, under scenarios PDS1 and PDS2, product carbon footprints can achieve more
significant reductions: PDS1 surpasses IEA-based results by 20.0% for wind, 51.0% for solar,
and 47.3% for batteries, while PDS2 shows improvements of 4.4%, 11.2%, and 10.4%, respec-
tively, in each category. Continuing to 2050, the PDS1 scenario maintains a lower carbon
footprint than the IEA’s figures by 4.3% for wind turbines, 55.1% for solar panels, and 62.9%
for batteries, but PDS2’s slower decarbonization pace suggests potentially higher footprints,
underscoring the imperative of ambitious policy action for long-term sustainability.

By 2029, under the ambitious PDS1 scenario, China’s product carbon footprint for
wind turbines, photovoltaic (PV) panels, and batteries is expected to surpass the EU’s
2022 levels, indicating swift progress in renewable energy technology production. This
progress demonstrates China’s potential leadership in global carbon reduction initiatives.
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For the PDS2 scenario, it will not be until 2041 that such renewable energy equipment
could match the decarbonization levels of the EU’s 2022 benchmark. Looking at the EU’s
decarbonization progress in 2030, the PDS1 scenario predicts that China’s production could
align with the same level by 2041. However, under the PDS2 scenario, even by 2050, the
carbon footprint for wind turbines, PV panels, and batteries is projected to be higher than
the EU’s 2030 levels by 3.0%, 14.9%, and 12.3%, respectively. In comparison to the EU’s
2050 carbon footprint, the PDS1 scenario positions China’s renewable energy equipment
production at just marginally higher levels—0.7% for wind turbines, 4.0% for PV panels, and
3.2% for batteries. These findings highlight the challenges of a moderate decarbonization
pace, especially against the backdrop of increasingly urgent global carbon reduction targets.
Such moderate progress may not keep pace with the international community’s reduction
trajectory and could be constrained by green trade barriers established by developed
regions such as the EU.

In summary, this section highlights the profound impact of different decarbonization
scenarios on the carbon footprint of renewable infrastructure products manufactured in
China. It posits that achieving parity with the carbon footprint standards of developed
nations is contingent upon China’s commitment to its most sustainable and low-carbon
strategies. It is important to note that our analysis has yet to account for the carbon footprint
incurred by international trade transportation, which holds a significant share of global
GHG emissions [38]. In advancing our assessment, it will be crucial to incorporate variables
such as the production locations within China, the final destinations of products, and the
modes of transportation used to gain a comprehensive view of the overall carbon footprint
and inform more effective decarbonization policies.

3.3. Carbon Footprint Analysis of the International Trade Transportation for
Renewable Infrastructure

Figure 4’s heatmap visually quantifies whether the carbon footprint of products manu-
factured in China, which considers the heterogeneity of Shanghai’s grid mix and Xinjiang’s
use of solar electricity, is higher or lower when including domestic and international trans-
portation, as opposed to products produced locally in the EU, the USA, Japan, and India.
For coastal regions like Shanghai, using the grid to produce renewable energy equipment
could lead to an increase in carbon footprint by approximately 1–9% for wind turbines,
0.1–1% for solar panels, and 1–8% for batteries as of 2022. For Xinjiang, known for its ample
solar radiation suitable for photovoltaic production, the transportation component could
add approximately 5–12% to the carbon footprint for wind turbines, 2–3% for solar panels,
and 10–25% for batteries. By 2050, while transportation processes will have also undergone
decarbonization, their rate of carbon footprint reduction may not align uniformly with
that of product carbon footprints. For production in Shanghai, significant decarbonization
of the product carbon footprint is anticipated, which could result in a relative increase in
the impact of transportation on the overall carbon footprint. In contrast, production in
Xinjiang is expected to continue utilizing solar electricity, meaning that the decarbonization
of transportation could lead to a decreased contribution to the overall carbon footprint of
products. This divergence highlights the importance of regional energy strategies and the
integration of renewable energy sources in manufacturing processes to optimize the carbon
footprint of transported goods.
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compared with local manufacturing. Four transportation scenarios are compared: domestic rail and
international shipping (D:R, I:S), domestic rail and international rail (D:R, I:R), domestic truck and
international shipping (D:T, I:S), and domestic truck and international rail (D:T, I:R). Rail transport to
the USA and Japan is excluded due to infeasibility.

For products manufactured in Shanghai, the carbon footprint is significantly high as of
2022 in comparison with local manufacturing in developed countries, implying that addi-
tional transportation—domestic and international—will further augment these footprints.
For example, Li batteries produced in Shanghai exhibit more than a 58% higher carbon
footprint than those produced in the EU, and the highest carbon transport combinations
can add up to an extra 16% of emissions. Despite transportation emissions, China maintains
a substantial carbon footprint advantage relative to India, with the potential to achieve
reductions of up to 10.4% for wind power, 49.6% for solar panels, and 36.8% for batteries
when utilizing solar electricity production in Xinjiang and considering transport to the
EU. By 2050, even with the decarbonization of transportation, the additional emissions
from the transit process are not expected to be as significant compared to the product
carbon footprint changes. The transportation of batteries remains a notable contributor to
the carbon footprint, yet due to Xinjiang’s consistent solar power production, the carbon
footprint for products shipped to the EU and USA remains higher than local production.
However, for Japan and India, regardless of the production location, Chinese renewable
energy equipment boasts a lower carbon footprint.

Different transport modes yield various impacts; for products manufactured in Shang-
hai, shipping to the EU presents a lower carbon footprint, while rail transport to India is
more carbon-efficient if viable. Commonly, rail transportation is more energy-efficient and
emits fewer emissions compared to road transportation, particularly for diesel trucks [39].
Meanwhile, the electrification of trucks can potentially bring considerable GHG emissions
with the decarbonization of the power grid [40]. And the rail–sea combination has lower
carbon intensity, but its capacity is minor, and the transfer center may bring additional
GHG emissions [41]. In Xinjiang’s case, using the transcontinental China–Europe Rail-
way or potential routes through Nepal to India could be more carbon-efficient. However,
these routes carry political risks due to traversing multiple countries and regions. There
are also concerns about the environmental and social impacts of such projects on the Hi-
malayan landscape, which is undergoing paradigm shifts in governance with potentially
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far-reaching effects on regional forest resources [42]. Specifically, the Belt and Road Initia-
tive, while offering opportunities for trade and infrastructure development, brings with it
both opportunities and risks for the region, including significant cultural disruptions in
Central Asia’s mountain regions [42].

This analysis illuminates how transportation modes and production locations signifi-
cantly affect the carbon footprint of China’s exported renewable infrastructure. Products
from Shanghai, reliant on the grid mix, show a considerable transportation-induced in-
crease in carbon footprint, suggesting that future decarbonization policies must prioritize
the enhancement of regional renewable energy utilization, such as Xinjiang’s solar capacity.
By 2050, despite overall decarbonization, the transportation sector’s slower reduction rate,
compared to production emissions, underscores the need for innovative transportation
solutions, including increased rail and sea freight efficiency and the electrification of road
transport. Moreover, the geopolitical complexities associated with transcontinental routes
emphasize the urgency of developing resilient and low-carbon trade corridors. These
findings call for a nuanced approach to decarbonization, one that accounts for regional
disparities and integrates the latest data on energy and transportation emissions to inform
policy and sustainable trade practices.

In the short term, China can leverage its abundant renewable energy resources in
western regions to produce low-carbon products for export. However, by 2050, considering
the impact of transportation, these products may not hold a carbon footprint advantage
over those produced in the EU and USA. This analysis not only identifies the lowest-
carbon transportation options for different production and destination pairings but also
underscores the importance of synchronizing decarbonization efforts between production
processes and transportation systems. The transition towards sustainable trade practices
necessitates a harmonized reduction in emissions across the entire supply chain, from
manufacturing to the final delivery of goods. This integrative approach is crucial for
maintaining a competitive edge in a future where green trade standards are expected
to intensify.

3.4. Limitations of This Study

This study acknowledges certain limitations inherent to its methodology and scope.
Primarily, the reliance on Ecoinvent data, while standard in environmental impact as-
sessments, may not fully capture the current efficiency gains in energy and material use
within China’s renewable energy components industry due to advancements in large-scale
production processes. Consequently, this could lead to an underestimation of the level of
progress China has made in manufacturing renewable energy equipment [43]. Furthermore,
our analysis does not account for the progressive enhancements in China’s thermal power
generation efficiency [44], potentially skewing the estimated carbon footprint of the power
sector. The Ecoinvent data employed predominantly reflect the state of China’s power
generation situation in 2013, which may not accurately represent recent improvements.

Additionally, the energy structure scenario models utilized in this research are derived
from various sources, including IEA reports, and carry inherent uncertainties. There is
a need for a more in-depth and objective analysis of the future changes in China’s and
other countries’ electricity energy structures [45,46]. Moreover, future technological ad-
vancements, such as developments in biomass power generation, the impact of increasing
energy storage demands on the grid’s carbon footprint, and innovations in the manufactur-
ing processes of PV, wind, and battery equipment, could significantly influence product
carbon footprints [47]. The potential for enhanced flexibility in PV systems and increased
efficiency in power consumption and distribution due to advancements in energy storage,
particularly a reduction in lithium-ion battery costs, should not be overlooked in future
assessments [48,49].
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4. Prospect

The IEA’s energy development scenarios in Section 3.1 serve as a valuable benchmark
for projecting the future carbon footprint of general products manufactured in China.
Although China’s carbon footprint remains higher than that of the EU and the USA, the
projections indicate that China is rapidly approaching a similar decarbonization trajectory
by 2050. The decarbonization scenario frameworks outlined in Section 3.2 of this study
highlight the annual changes in product carbon footprints under diverse conditions. This
quantitative scenario analysis will facilitate businesses to develop more efficient emission
reduction strategies, including electrification, the supply of green hydrogen, and waste
recycling, in concert with decarbonizing the national power grid. For instance, as detailed
in Section 3.3, road transportation can achieve lower carbon emissions through a synergy
between deploying electric trucks and grid decarbonization. In the context of compre-
hensive transportation decarbonization, it is crucial to consider the life cycle processes of
metals and plastics and their end-of-life management for conveyances.

In discussions surrounding green trade barriers imposed by developed nations, the
substantial GHG emissions embodied in international trade must be acknowledged [50].
Setting import restrictions based on product carbon footprints could theoretically mitigate
carbon leakage [51], but it is essential to balance these measures with empowering devel-
oping countries like China to effectively contribute to global climate goals. These nations
have the capacity to manufacture low-carbon products using renewable resources such as
solar power, notably in regions like Xinjiang. However, a sole focus on green trade barriers
without a cooperative decarbonization strategy could curtail global emission reduction
potential [52]. An interregional management system for green, low-carbon products could
more effectively promote supply chain decarbonization in energy-intensive industries.

Furthermore, the greater the installations of renewable energy in China for manufac-
turing processes, the lower the embedded environmental footprints in exported goods such
as renewable energy modules [53]. Therefore, in the face of potential short-term green trade
barriers, China could adopt a proactive approach towards a sustainable and low-carbon
transition by domestically expanding its renewable energy infrastructure. Subsequently,
with a decarbonized energy sector, China is projected to become competitive with the
low-carbon standards of developed countries by 2030. Consequently, China should main-
tain confidence in the face of potential product carbon footprint-based trade barriers by
persistently pursuing sustainable transformations and actively engaging in international
collaborative emission reduction efforts.

Section 3.2 highlights the significant carbon footprint of international trade trans-
portation for products, emphasizing the need for decarbonization in both domestic and
international transport, particularly for export-driven economies like China. Expanding
electric rail lines for freight presents a key decarbonization route [54], while adopting
alternative energy vehicles marks a crucial long-term strategy in the transport sector [55].
Internationally, transitioning the shipping industry towards alternative fuels and systems
is vital, especially for inland shipping benefiting from localized infrastructure [56]. Poli-
cies promoting less carbon-intensive transportation and supporting zero-emission vehicle
infrastructure are essential for decarbonizing major transport modes [57]. Implementing
innovative technologies in the traditionally conservative rail industry is increasingly seen
as critical for sustainability. These strategies indicate that China can significantly reduce
its product carbon footprint through comprehensive decarbonization efforts. Nonetheless,
cross-border transport decarbonization remains crucial to addressing international con-
cerns. A collaborative approach to emission reduction is preferable over unilateral green
trade barriers, advocating for a trans-regional green, low-carbon product management
system to enhance supply chain decarbonization in energy-intensive industries.

5. Conclusions

This study delves into the carbon footprint of China’s renewable infrastructure man-
ufacturing, highlighting significant strides and challenges in aligning with global decar-



Sustainability 2024, 16, 3387 13 of 16

bonization efforts. Aggressive domestic energy transition strategies, especially in the
electricity sector, could markedly diminish the carbon footprint of wind turbines, PV pan-
els, and lithium batteries. By 2050, adopting the most ambitious decarbonization scenario
(PDS1) positions China’s renewable product carbon footprint nearly on par with developed
countries, emphasizing China’s potential leadership role in global climate action.

International trade transportation emerges as a considerable carbon footprint contrib-
utor, necessitating focused decarbonization initiatives. Domestic shifts towards electric
rail lines and international movements towards sustainable shipping and rail solutions
can significantly mitigate transportation-related emissions. However, geopolitical consid-
erations and the inherent carbon intensity of different transportation modes underscore
the complexity of achieving a fully decarbonized supply chain for exported renewable
infrastructure.

The implementation of green trade barriers by developed nations, while aimed at
mitigating carbon leakage, may inadvertently stifle global emission reduction potential if
not paired with collaborative decarbonization strategies. China’s commitment to a low-
carbon transition, complemented by proactive international cooperation, could ensure its
renewable infrastructure remains competitive under increasingly stringent global trade
and environmental standards.

Moreover, the study acknowledges limitations stemming from reliance on potentially
outdated datasets and the exclusion of emerging technologies and energy efficiency im-
provements. Future research should incorporate more high-resolution data and explore the
integration of novel manufacturing and energy generation technologies to provide a more
accurate depiction of the renewable infrastructure’s carbon footprint.

In conclusion, achieving a sustainable balance between economic growth and envi-
ronmental preservation requires a multifaceted approach, encompassing aggressive local
decarbonization policies, innovations in transportation technologies, and international
collaboration on green trade practices. China’s transition towards a sustainable, low-carbon
future presents a valuable model for other developing countries navigating the complexities
of economic development and climate change mitigation.
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