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Barriers on PV trade will impede global carbon mitigation and local 1 

pollutant emissions reduction 2 

Abstract 3 

The global trade of solar photovoltaic (PV) products substantially contributes to the increases 4 

in solar power generation and carbon emission reduction. This paper depicts the global PV product 5 

trade patterns and explores the emissions reduction potential, evaluates the impeding effect of tariff 6 

barriers on global PV product trade and the emissions reduction. In 2014 and 2017, the application 7 

of traded solar cells and modules resulted in emissions reductions of up to 840.71 and 1,734.59 Mt 8 

CO2e as well as substantial reductions in local pollutants. From 2017 to 2050, traded solar cells and 9 

modules will result in an approximately 55.76-86.45 Gt CO2e reduction. Extra-tariff imposition in 10 

its worst situation will result in global PV applications decreasing by 7.06% and carbon emissions 11 

mitigation potential decreasing by 5.09-7.89 Gt CO2e by 2050. Well-coordinated policy and 12 

institutional reforms are recommended to facilitate PV product trade and deliver related global and 13 

local environmental benefits.  14 
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The Intergovernmental Panel on Climate Change (IPCC) claims that reducing greenhouse 15 

gases (GHGs) to net zero is important to limit global warming within 1.5°C to achieve sustainable 16 

development and predicts that 38-88% of primary energy and 59-97% of electricity must come from 17 

renewable resources by 2040-2055 1.Solar power is expected to play a key role in facilitating this 18 

low-carbon transition, mitigating climate change and meeting energy demands 2-4. During 2007-19 

2017, the global annual installed PV power capacity increased from 2 GW to 103 GW, and global 20 

PV cumulative installations increased from 8 GW to 409 GW 5. In 2007, global PV power generation 21 

was 7.48 TWh, only 0.04% of total production, which surged to 443.55 TWh in 2017, accounting 22 

for 1.72% of total amount 6. Fast development of international trade contributes substantially to 23 

global PV product production and application expansion. The traded capacities of solar cells and 24 

modules increased significantly from 44.59 GW in 2014 to 79.65 GW in 2017, accounting for 25.02% 25 

and 19.47% of the global cumulative PV capacity installation in the corresponding years, 26 

respectively. Almost 100% in 2014 and 76.89% in 2017 of the newly installed global capacity were 27 

related to traded solar cells and modules, and this ratio was 96.19% in 2018 7, indicating a significant 28 

role of international trade in promoting global PV power application (see Supplementary Data 1-2 29 

for more details). 30 

Studies have been conducted varying from calculating the lifecycle emissions and emission 31 

reduction potential of PV products 8-21 to PV product trade patterns and structures 22 to the emissions 32 

embodied in the bilateral PV product trade 23 and to the environmental impacts of the PV product 33 

trade 13,14,24. Studies have also been carried out in various countries 15-21,24, concluded that PV power 34 

generation could indeed help to reduce carbon and local air pollutant emissions obviously. Although 35 

PV power generation has nearly ‘zero emissions’ in its operation 15,16, pollutant emissions cannot be 36 

ignored when considering the whole lifecycle of PV products--from ore mining, silicon and silicon 37 

wafer processing, and solar cell and PV panel producing 8,9,11,25. With the development of 38 

international trade and production specialization 26,27, studies have focused on the solar module trade 39 

and accounting for the embodied carbon 22,24,28. There has been widespread worry that PV product 40 

production “migrates” and is concentrated in certain countries/regions forming “hot spots” or 41 

“pollution havens” 24, while PV panels are imported and consumed by other countries/regions to 42 

generate clean electricity, which not only reduces carbon emissions but also helps to improve the 43 

local environment. This situation is often described as being “unfair” or “unbalanced” international 44 

trade in terms of environmental benefits 29-32. However, previous studies concentrated on only a 45 

specific PV product and a limited subset of countries/regions without full consideration for the 46 

whole production and supply chain from a global perspective. And there was few literature 47 

exploring the impacts of trade restriction measures on the PV product which could lead to less PV 48 

power generation and emission reduction potential. 49 
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With international solar PV product market expansion, protectionism grew in the form of 50 

antidumping or countervailing measures on PV modules. Recent examples of these tensions include 51 

conflicts between the USA and China, the EU and China, etc.5,33. In 2017, the USA initiated the 52 

"301 Investigation" against China on imported goods (solar panels included) and led to a series of 53 

conflicting trade measures in between the two globally largest trade partners and spilled over to 54 

other economies, including EU, Canada and Mexico 34-38. Most literatures concentrated on the 55 

economic impact of the USA-China trade war 37-45, only a few literature noticed that trade war was 56 

also likely to affect environment through changing global supply and consumption chain 46, and less 57 

conducive to clean energy development in less-developed regions47. When it comes to PV products 58 

trade, very few literature paid attention to the negative effects of trade war on PV product trade, 59 

production and application48, cutting into global emissions reduction potential.  60 

This study will focus on the emission reduction potential of global PV product trade and the 61 

extra trade barrier on PV product to fill in the literature gap. This study constructed a trade flow 62 

matrix (TFM) of PV products (see Methods for details). Then, embodied carbon and pollutant flows 63 

in the PV product trade were calculated, and the emissions reduction potential of PV power 64 

generation application related to PV product trade was estimated considering the country-/economy-65 

specific situation as much as possible. A computable partial equilibrium (CPE) model was applied 66 

to disclose how the extra trade barrier can deteriorate the global mitigation potential (see Methods 67 

for details). We found that in 2014 and 2017, 75.28 and 121.77 Mt CO2e were embodied in the 68 

global PV product trade, respectively, but the application of traded solar cells and modules resulted 69 

in emissions reductions of up to 840.71 and 1,734.59 Mt CO2e as well as substantial reductions in 70 

local pollutants over their lifetime. From 2017 to 2050, traded solar cells and modules will result in 71 

an approximately 55.76-86.45 Gt CO2e reduction. The results clearly show that trade protectionism 72 

cannot only harm the global PV product trade but the environment. Extra-tariff imposition in its 73 

worst situation will result in global PV applications decreasing by 7.06% and carbon emissions 74 

mitigation potential decreasing by 5.09-7.89 Gt CO2e by 2050. 75 

Results 76 

Global PV product trade pattern 77 

In this study, TFMs based on export and import trade values were constructed for 2014 and 78 

2017. This study mainly adopted export values to construct TFMs and to carry out trade flow 79 

calculations and analyses for various regions and economies (see Table 1 for detailed region 80 

descriptions). 81 

  82 
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Table 1 Trade partners identified in PV product trade flow matrix (TFM). 

Group of trade 
partners 

Country/Economy 

Oceania Australia, New Zealand 
Europe Austria, Belgium, Bulgaria, Croatia, Cyprus, Czechia, Denmark, Estonia, 

Finland, France, Germany, Greece, Hungary, Ireland, Italy, Latvia, 
Lithuania, Luxembourg, Malta, Netherlands, Norway, Poland, Portugal, 
Romania, Russia Federation, Slovakia, Slovenia, Spain, Sweden, United 
Kingdom 

Southeast Asia 
and other Asian 
Countries  

Brunei, Cambodia, Indonesia, Laos, Malaysia, Myanmar, Philippines, 
Singapore, Thailand, Vietnam, India, Turkey 

America Brazil, Canada, Mexico, USA 
East Asia China, Hong Kong, Taiwan, Japan, Korea 
ROW Rest of the world 

Note: Turkey is classified into “Southeast Asia and other Asian Countries”, because its territory 
is mainly located in Asia area. 

 83 

East Asia ranked as the top PV product exporter at US$27.45 billion (2014) and US$23.94 84 

billion (2017), accounting for 66.96% and 61.92% of the global total, respectively, and East Asia 85 

was followed by Europe. Specifically, China was the largest exporting country, with US$16.30 86 

billion (2014) and US$14.04 billion (2017), accounting for 39.76% and 36.32% of the global total, 87 

respectively. In 2017, Southeast Asia and other Asian countries (i.e., Southeast Asia plus India and 88 

Turkey) emerged as the 3rd largest exporter group, with an export value of US$4.99 billion. 89 

For PV product trade inflows, East Asia was also the largest importer, with 50.10% and 34.39% 90 

of the global total in 2014 and 2017, respectively. Japan, China and the USA were the top 3 91 

importing countries in 2014 and 2017. In 2017, Southeast Asia and other Asian countries surpassed 92 

America and Europe and became the second largest importer. The most noticeable trade flows were 93 

related to East Asia. Intra-east Asia trade stood out at US$14.72 billion in 2014 but decreased to 94 

US$8.25 billion in 2017. East Asia-Europe trade and East Asia-America trade were also important, 95 

amounting to US$1.65 billion and US$3.14 billion, respectively, in 2017 (see Fig. 1). At the 96 

country/economy level, the largest bilateral export flows were from China to Japan (US$4.84 billion, 97 

2014) and from China to India (US$2.72 billion, 2017). (see Supplementary Data 3-4 for more 98 

details) 99 

In both years, East Asia, Europe and America were major silicon suppliers, accounting for over 100 

95% of the global share. The USA, Germany and Korea each accounted for over 20% of the global 101 

export market share. East Asia, Europe, Southeast Asia and other Asian countries were the top 3 102 

exporters of silicon wafers in 2014 and 2017, with a total global export share of over 91%. China, 103 

Japan, and Taiwan were the most important silicon wafer providers, accounting for over 63% of the 104 

total silicon wafer export. East Asia, Europe, Southeast Asia and other Asian countries were also 105 

the top 3 exporters of solar cells and modules in 2014 and 2017, accounting for over 98% of the 106 

total exports. China, contributing over 45% of the trade value, was the largest exporter of solar cells 107 
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and modules, followed by Taiwan. 108 

In 2014 and 2017, East Asia was the largest importer of silicon (>80%) and silicon wafers 109 

(>50%), and Southeast Asia and other Asian countries stood out in silicon wafer imports, accounting 110 

for 15.69% and 22.22% of the global total, respectively. China, Japan, Taiwan, Korea and ASEAN 111 

countries were the major importers of silicon and silicon wafers as intermediate products. East Asia 112 

ranked first (at 40.93%) in 2014 and slipped to 5th in 2017 as a solar cell and module importer, 113 

owning to sharp import declines in Japan and China. Southeast Asia and other Asian countries as a 114 

group rose from 4th to 2nd place, mainly due to India’s significant import increase. Europe and 115 

America were among the top 3 solar cell and module purchasers both years. 116 

 117 

a                                         b 118 

       119 
Global PV product trade value flow (export-import) based on TFM in 2014 and 2017 120 

Fig. 1 Global PV installation and PV product trade flow. Sankey diagrams present global PV 121 
product trade flows in 2014 and 2017. Southeast Asia and other Asian countries is abbreviated as 122 
“S Asia”. a This figure shows global PV trade flows in 2014. East Asia and Europe were the most 123 
important PV product exporters and importers. The top 3 biggest extra-region flows were from East 124 
Asia to Europe, then to America and to Southeast Asia and other Asian countries. b This figure 125 
shows global PV trade flows in 2017. East Asia was still the biggest PV product exporter and 126 
importer, and Southeast Asia and other Asian countries became the second largest importer. The top 127 
3 biggest extra-region flows were from East Asia to Southeast Asia and other Asian countries, then 128 
to America and to Europe. From 2014 to 2017, the global PV trade flow pattern became more 129 
diversified and evenly distributed. East Asia maintained a leading role in the global PV product 130 
trade, especially China, which was the key PV product production and trade hub. Europe and 131 
America tended to produce and export silicon to and import solar cells and modules from Asia. 132 
Southeast Asia and other Asian countries increased their share in the global PV product market and 133 
intensified trade links with other regions, owing to local cheaper labour and land costs, lower tax 134 
rates, and less strict environmental regulation 30. Import value gaps between East Asia and other 135 
regions narrowed (see Supplementary Data 5-10 for more details). This study converted all the 136 
currencies to US dollars first and then converted them to 2010 US$ for comparability. 137 
 138 
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Flow of embodied carbon and pollutants in the global PV product trade 139 

The global PV product trade is accompanied by embodied carbon and pollutant emissions 140 

transfer. The carbon and pollutants embodied in PV products were calculated based on the global 141 

PV product TFM (see Methods for details) in 2014 and 2017. 142 

Carbon emissions embodied in the global PV product trade were estimated to be 75.28 MtCO2e 143 

in 2014, which grew to 121.77 MtCO2e in 2017, accounting for 0.23% and 0.36% of the worldwide 144 

fossil fuel combustion carbon emissions in the same years 49, respectively. In 2014, silicon, silicon 145 

wafers, solar cells and module trade contributed 16.54 MtCO2e, 17.63 MtCO2e and 41.11 MtCO2e, 146 

respectively, and the corresponding quantities increased to 21.46 MtCO2e, 31.83 MtCO2e, and 68.48 147 

MtCO2e in 2017 (Fig. 2a and 2b). East Asia was the largest exporter of carbon embodied in PV 148 

products, at 54.46 MtCO2e in 2014 and 85.33 MtCO2e in 2017, accounting for 72.34% and 70.07% 149 

of the global total, respectively. China, Taiwan and the USA were the top 3 carbon outflow 150 

economies, accounting for 70.85% (2014) and 67.19% (2017) of the global total. East Asia was also 151 

the largest embodied carbon importer, importing 42.60 MtCO2e (56.59% of global total) in 2014 152 

and 47.19 MtCO2e (38.75% of global total) in 2017, followed by Europe (12.41 MtCO2e, 16.49% 153 

of the global total) in 2014, and Southeast Asia and other Asian countries (25.91 MtCO2e, 21.28% 154 

of the global total) in 2017. Japan and China were the top 2 embodied carbon importers in the two 155 

years. The largest embodied carbon flows in global PV trade were from East Asia to other regions, 156 

and from America and Europe to East Asia. In 2014, the largest carbon outflow was from China to 157 

Japan (9.88 MtCO2e) and that in 2017 was from China to India (10.67 MtCO2e). Fig. 2c and 2d 158 

presents the volume and direction of embodied carbon flow (see also Supplementary Data 11-12).  159 

In 2014, East Asia and America were net carbon exporters whose balance of carbon emissions 160 

embodied in trade (BEET𝐶 ) (see Methods for more details) equalled 11.86 and 1.10 MtCO2e, 161 

respectively, and Europe was the largest net carbon importer whose BEET𝐶 was -4.81 MtCO2e. In 162 

2017, East Asia was the only net carbon exporter with a BEET𝐶 of 38.14 MtCO2e, while Southeast 163 

Asia and other Asian countries as a group was a net importer and expanded their BEET𝐶 from -164 

4.22 to -13.75 MtCO2e (Fig. 3a and 3b). China was the largest net exporter country, with BEET𝐶 165 

values of 21.97 and 37.23 MtCO2e in 2014 and 2017, respectively. The largest net importing country 166 

in 2014 was Japan with a BEET𝐶  of -12.03 MtCO2e, and in 2017, India was the largest net 167 

importing country with a BEET𝐶 of -10.72 MtCO2e (see Supplementary Data 13). 168 

In 2014, 12.69 Kt PM10, 106.10 Kt NOx, 106.64 Kt SO2 and 57.30 Kt COD were embodied in 169 

the global PV product trade. In 2017, embodied PM10 and COD increased by 6.02% and 94.49%, 170 

respectively, while embodied SO2 and NOx decreased by 40.38% and 55.11%, respectively (see 171 

Supplementary Fig. 1). Pollutants embodied in solar cells and module trade had the most total 172 
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embodied emissions at 50.49-64.23% of the emissions in 2014 and 66.02-73.27% in 2017. In 173 

general, East Asia far exceeded other regions in embodied PM10 (60.40%), NOx (87.34%), and SO2 174 

(79.30%) export in 2014 and had the largest export of embodied NOx (41.91%) in 2017. Europe 175 

was the largest exporter of embodied PM10 (38.08%) and SO2 (35.43%) in 2017. In both years, 176 

China had the largest exports of embodied NOx (43.09% in 2014 and 22.96% in 2017), SO2 (38.77% 177 

in 2014 and 13.88% in 2017) and COD (19.61% in 2014 and 17.03% in 2017), it was also the largest 178 

embodied PM10 exporter (29.47% in 2014 and 10.27% in 2017). East Asia and Europe were the 179 

main embodied pollutant importers. Southeast Asia and other Asian countries and America 180 

witnessed an obvious increase in embodied pollutant imports (Supplementary Data 14-19). Based 181 

on the balance of pollutant emissions embodied in trade (BEET𝑃 ) (see Methods), East Asia, 182 

represented by China, was the most significant net exporter of embodied PM10, NOx, and SO2 in 183 

2014. Europe, Southeast Asia and other Asian countries were net exporters of embodied COD in 184 

2014. In 2017, East Asia was still the largest net exporter of embodied NOx and became an 185 

embodied COD net exporter. Southeast Asia and other Asian countries as a group was the largest 186 

net exporter of embodied PM10 and SO2 in 2017 (Fig. 3c and 3d, Supplementary Data 20-23) 187 

  188 
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a                                 b 189 

 190 
c                                        d  191 

 192 
Fig. 2 Structure and flow of CO2 embodied in the global PV product trade (2014 and 2017). 193 
These maps represent CO2 embodied in the global PV product trade in 2014 and 2017. a, b In the 194 
two sub-figures, inner pies represent the proportion of carbon embodied in different PV product 195 
exports; outer doughnuts explain the proportion of embodied carbon contributed by each exporting 196 
region. c, d The two sub-figures represent flow of carbon embodied in PV product trade between 197 
regions in 2014 and 2017. From 2014 to 2017, noticeable growth in embodied carbon appeared in 198 
addition to an increase in PV product trade, especially in East Asia, Southeast Asia and other Asian 199 
countries. Compared with in 2014, in 2017, carbon emissions embodied in PV product trade 200 
increased by 61.76% or 46.49 MtCO2e. East Asia observed the largest increase in embodied carbon 201 
exports (30.87 MtCO2e), which increased by 56.68%, and its trade with Southeast Asia and other 202 
Asian countries contributed 15.11 MtCO2e to this increase. Southeast and other Asian countries had 203 
the second highest growth of embodied carbon exports at 8.32 MtCO2e and the largest increase rate 204 
at 216.79%. China accounted for the largest increment (20.65 MtCO2e), followed by the USA (3.99 205 
MtCO2e) and Taiwan (3.84 MtCO2e). The increase in Southeast Asian countries was conspicuous, 206 
e.g., Malaysia (3.10 MtCO2e) and Vietnam (1.80 MtCO2e). For embodied carbon imports, growth 207 
in Southeast Asia and other Asian countries was the largest (17.85 MtCO2e), followed by that in 208 
America (6.54 MtCO2e), and the leading countries were India, China and the USA (see 209 
Supplementary Data 11-12). 210 

  211 
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a                                        b 212 

       213 
Balance of CO2 embodied in the PV product trade in 2014 and 2017 214 

c                                         d 215 

 216 
Balance of local pollutants embodied in the PV product trade in 2014 and 2017 217 

Fig. 3 Balance of CO2 and local pollutants embodied in the PV product trade in 2014 and 2017. 218 
These column charts show the balance of total CO2 and pollutants embodied in the global PV 219 
product trade by region, bars above the horizontal axis (y=0) represent CO2 and local pollutants 220 
embodied in exports, and bars under the horizontal axis represent CO2 and local pollutants embodied 221 
in imports. a, b Black dots represent the balance of embodied CO2 (BEET𝐶). c, d Black dots display 222 
the balance of embodied local pollutants (BEET𝑃). 223 

  224 
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Status quo emissions reduction potential of trade-related PV application 225 

PV power generation helps reduce carbon and pollutant emissions when it is used to replace 226 

local power generation, especially in grids where carbon-intensive thermal power dominates. This 227 

study assumes that imported solar cells and modules are applied locally to generate PV power and 228 

to reduce carbon and pollutant emissions. 229 

The capacity of solar cells and modules globally traded in 2014 was 44.59 GW, their power 230 

generation potential totalled 1,136.75 TWh over a 30-year lifetime, accounting for 4.75% of world 231 

total electricity generation in 2014. In 2017, 79.65 GW of solar cells and modules was traded, which 232 

would generate 2,325.25 TWh during a 30-year lifetime, accounting for 9.10% of the global 233 

electricity generation in 2017 49 (see Supplementary Fig. 2). East Asia contributed the most PV 234 

power generation potential from exported solar cells and modules, accounting for 72.92% of the 235 

global total in 2014 and 68.99% of the global total in 2017, followed by Europe (20.11% in 2014 236 

and 15.53% in 2017). China was the largest contributing country, accounting for over 50% of the 237 

global total in 2014 and 2017. In terms of imports, the most substantial PV power generation 238 

potential took place in East Asia at 449.96 TWh in 2014 and in Southeast Asia and other Asian 239 

countries at 670.12 TWh in 2017. The largest PV power generation potential was in Japan (260.42 240 

TWh) in 2014 and in India (435.37 TWh) in 2017(Supplementary Data 24). 241 

Based on the potential of PV power generation, emissions reduction of traded solar cells and 242 

module application can be calculated for two PV power generation application scenarios, namely, 243 

substitution for electricity of the local grid (SSG) and substitution for thermal power generation 244 

(SST) (see Methods for more details). By producing clean solar power, solar cells and modules 245 

traded in 2014 could potentially reduce carbon emissions by 593.99 and 840.71 Mt CO2e during the 246 

30-year lifetime under the SSG and SST scenarios, accounting for 1.81% and 2.56% of global 247 

carbon emissions from fossil fuel combustion in the same year, respectively 49. The corresponding 248 

carbon emissions reduction potential of solar cells and modules traded in 2017 under the SSG and 249 

SST scenarios increased to 1,194.23 and 1,734.59 Mt CO2e, accounting for 3.57% and 5.19% of 250 

global carbon emissions from fossil fuel combustion in the same year, respectively. (see Table 2) 251 

East Asia contributed the greatest total carbon abatement potential in the two scenarios, ranging 252 

from 455.68 to 620.59 Mt CO2e in 2014 and from 889.53 to 1,262.24 Mt CO2e in 2017 through the 253 

export of solar cells and modules, and Southeast Asia and other Asian countries and Europe 254 

contributed the second and third highest total carbon abatement potential. China contributed the 255 

greatest carbon reduction potential, at 318.72-431.18 Mt CO2e in 2014 and at 683.56-962.39 Mt 256 

CO2e in 2017, accounting for over 50% of the global total. For the reduction beneficiaries, East Asia 257 

would receive the largest carbon emissions reduction potential of 255.05-330.01 Mt CO2e by import 258 
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in 2014, followed by Europe (114.23-197.61 Mt CO2e). In 2017, Southeast Asia and other Asian 259 

countries ranked first in terms of receiving reduction potential at a 425.98-546.53 Mt CO2e. (Fig. 4) 260 

More specifically, based on imported PV power generation capacity, Japan could receive a 141.09-261 

167.67 Mt CO2e reduction potential in 2014, and India could receive a 312.27-389.14 Mt CO2e 262 

reduction potential in 2017, becoming the largest beneficiaries (see Supplementary Data 25 for more 263 

detail).  264 

Apart from reducing carbon, solar power replacement of fossil fuel-fired power generation also 265 

leads to local air pollutant emissions abatement. By replacing local power generation, traded solar 266 

cells and module applications in 2014 would result in reductions of approximately 137.99-183.72 267 

Kt PM10, 1,110.00-1,604.62 Kt SO2 and 848.24-1,194.22 Kt NOx in a 30-year lifetime under the 268 

SSG and SST scenarios; the corresponding estimations of the reduction potentials in 2017 increased 269 

to 794.94-1,039.68 Kt PM10, 2,746.97- 4,095.61 Kt SO2 and 2,365.43- 3,253.00 Kt NOx under the 270 

SSG and SST scenarios. East Asia’s contributions to the pollutant reduction potential were the 271 

largest due to substantial exports from the region; the region accounted for over 75% of each 272 

pollutant reduction potential. Specifically, China’s contribution to pollution abatement potential was 273 

the highest, followed by Taiwan, Germany and Korea. Southeast Asia and other Asian countries as 274 

a group was the largest beneficiary in most cases, acquiring an over 30% abatement potential for 275 

each pollutant. India benefited the most in terms of the largest emission reduction potential of all 276 

pollutants under the 2017 trade situation. Other major beneficiaries were the USA, Australia, 277 

Mexico, Turkey, and Vietnam (Supplementary Figs. 3 and 4, Supplementary Data 26-28). 278 

 279 

Table 2 Lifetime CO2 reduction potential from traded solar cells and modules of exporting 

region (Mt CO2). 

Exporting regions SSG2014 SSG2017 SST2014 SST2017 

Oceania 0.94 0.83 1.41 1.34 

Europe 96.50 133.53 164.36 229.82 

Southeast Asia and 
other Asian Countries 

31.77 153.77 40.78 215.53 

America 7.01 10.37 10.35 16.95 

East Asia 455.68 889.53 620.59 1,262.24 

ROW 2.09 6.19 3.22 8.72 

This table represents the CO2 emissions reduction potential of traded solar cells and modules 

over a 30-year lifetime, the SSG scenario represents the substitution of PV power for local grid 

electricity, and the SST scenario represents the substitution of PV power for thermal power 

generation. 

  280 
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a                                       b 281 

    282 
c                                       d    283 

    284 
Fig. 4 Carbon emissions reduction potential of traded solar cells and modules in 2014 and 2017 285 

(30-year lifetime; SSG and SST scenarios). a, b, c, d The Sankey diagrams show the CO2 286 

emissions reduction potential transferred from exporter regions (right) to importer regions (left) in 287 

2014 and 2017 under SSG and SST scenarios.  288 

  289 
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Projection to emissions reduction potential of trade-related PV application 290 

According to the IRENA 50 and our projections (see Methods and Supplementary Data 29), 291 

under the business as usual (BAU) scenario, global PV cumulative installation will increase from 292 

409.10 GW in 2017 and reach 9,200.15 GW by 2050, cumulative traded PV modules will increase 293 

from 79.65 GW in 2017 to 7,073.66 GW in 2050, whose proportion in total PV capacity installation 294 

will substantially grow from 19.47% to 76.89% (Fig. 5a) 295 

Under the BAU scenario, annual power generation from worldwide PV cumulative installation 296 

will increase from 390.22 TWh in 2017 to 8,775.54 TWh in 2050, those from traded PV modules 297 

will increase from 75.98 TWh in 2017 to 6,747.19 TWh in 2050. During the forecast period (2017-298 

2050), global PV applications will cumulatively produce 144,104.43 TWh of electricity, and of that 299 

amount, traded PV modules will contribute 105,423.07 TWh (see Fig. 5b). 300 

From 2017 to 2050, annual carbon reduction from global PV power generation under the SSG 301 

scenario will increase from 0.21 to 4.64 Gt CO2e, and those under SST will increase from 0.32 to 302 

7.20 Gt CO2e. Traded PV will contribute 0.04-3.57 Gt CO2e under the SSG, and that under SST will 303 

be 0.06-5.53 Gt CO2e. Global PV utilization under the SSG and SST scenarios will cumulatively 304 

result in a 76.21-118.18 Gt CO2e reduction during 2017-2050 (Supplementary Fig. 5a), in which 305 

traded solar cell and modules under the SSG and SST scenarios will result in an approximately 306 

55.76-86.45 Gt CO2e reduction (see Fig.5c and Supplementary Data 29). 307 

From 2017 to 2050, annual pollutant emission reduction from global PV application under the 308 

SSG scenario will be 0.05-1.20 Mt PM10, 0.25-5.57 Mt SO2 and 0.22-4.99 Mt NOx, and those under 309 

the SST scenario will be 0.09-2.00 Mt PM10, 0.42-9.55 Mt SO2 and 0.35-7.98 Mt NOx. Contribution 310 

of traded PV will account for 0.01-0.92 Mt PM10, 0.05-4.28 Mt SO2 and 0.04-3.84 Mt NOx under 311 

SSG, and those under SST will be 0.02-1.54 Mt PM10, 0.08-7.34 Mt SO2 and 0.07-6.13 Mt NOx. 312 

During the forecast period, global PV utilization in the SSG and SST scenarios will result in 313 

cumulative emission reductions of 19.73-32.82 Mt PM10, 91.48-156.74 Mt SO2 and 82.02-130.99 314 

Mt NOx (Supplementary Fig. 5b), of which traded solar cell and module utilization will account for 315 

cumulative emission reductions of 14.43-24.01 Mt in PM10, 66.93-114.67 Mt in SO2 and 60.00-316 

95.83 Mt in NOx (see Fig. 5d and Supplementary Data 29). 317 

  318 
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a                                         b 319 

    320 
c                                         d 321 

    322 
Figure 5 Global carbon and pollutant reduction potential from traded solar cells and modules 323 
in BAU. a Column chart shows projected global cumulative PV installation and traded PV capacity 324 
in the BAU scenario. Global cumulative installed PV capacity values from 2015-2017 were drawn 325 
from IEA-PVPS5,7, and the capacity values from 2017-2050 were projected by the authors based on 326 
IRENA50 (see methods for details). b Column chart shows projected power generation potential 327 
from globally cumulative PV installation and traded PV capacity in the BAU scenario. c, d These 328 
two figures show carbon and pollutant emission reduction potential from traded solar cells and 329 
modules from 2017-2050 in BAU. 330 

  331 
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Barriers to the PV product trade impede global emissions reductions potential  332 

Considering the 2017 global PV product trade as a reference, compared with the BAU scenario, 333 

the worst trade barrier scenario (TBS) or extra tariff imposition scenario (see Methods for details) 334 

would reduce the global solar cell and module trade by US$3.61 billion, accounting for 15.34% of 335 

the 2017 baseline trade value. Exports from all economies would experience loss; for example, the 336 

export values for China, the Netherlands, Vietnam, Germany and Korea would decrease by 337 

US$799.03 million, US$585.93 million, US$482.64 million, US$337.79 million, and US$329.14 338 

million, respectively, accounting for 7.41-38.36% of their 2017 baseline exports. Some 339 

countries/economies are expected to experience tremendous decline in solar cell and module 340 

imports with the 2017 baseline reference, and the largest declines would be seen in the USA 341 

(US$835.70 million, or 25.48% of its baseline import), India (US$739.43 million, or 26.50% of its 342 

baseline import) and the Netherlands (US$620.07 million, or 40.29% of its baseline import) (see 343 

Supplementary Data 30).  344 

In terms of the 2017 baseline scenario, under TBS, extra tariff imposition would result in that, 345 

22 countries/economies (including ROW-CPE) of the top 25 PV product trade partners (including 346 

ROW-CPE, see Methods for details), would experience annual solar cell and module output declines 347 

of 3.32-2,030.35 MW, and the largest decline will occur in China. Only 3 economies will slightly 348 

increase solar cell and module production by 35.66 - 271.88 MW. The USA would increase 349 

production the most. The global total solar cell and module output would decline by 7.31 GW, 350 

accounting for 7.06% of the global annual installed capacity in 2017 (see Table 3, Supplementary 351 

Data 30). 352 

The reduction in global PV product output will then impede PV application and PV power 353 

generation and carbon emissions mitigation potential. Under TBS, the cumulative global PV power 354 

capacity installation by 2050 will be only 8,551.05 GW, a reduction of 649.10 GW, in which traded 355 

solar cell and module utilization will decrease by 914.03 GW and amount to 6,159.63 GW (Fig. 6a), 356 

and domestically supplied solar cell and module application will increase by 264.93 GW and amount 357 

to 2,391.42 GW. Under TBS, from 2017 to 2050, traded solar cell and module utilization will 358 

cumulatively produce 91,800.71 TWh, which is 13,622.37 TWh lower than that in the BAU scenario, 359 

and global PV applications will cumulatively produce 134,482.66 TWh of electricity, which is 360 

9,621.77 TWh lower than that in the BAU scenario. (Fig. 6b) 361 

Under TBS, from 2017 to 2050, global solar cell and module utilization in the SSG and SST 362 

scenarios will result in 71.12-110.28 GtCO2e cumulative mitigation, which is 5.09-7.89 GtCO2e less 363 

than that under the BAU scenario. Traded solar cells and modules will account for 48.55-75.28 364 

GtCO2e in cumulative mitigation, which is 7.20-11.17 GtCO2e less than that in the BAU scenario. 365 
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(Fig. 6c) Under TBS, from 2017 to 2050, global PV utilization will result in cumulative mitigation 366 

of 18.41-30.62 Mt PM10, 85.37-146.28 Mt SO2, and 76.54-122.24 Mt NOx, which are less than that 367 

under the BAU scenario by approximately 1.32-2.19 Mt of PM10, 6.11-10.47 Mt SO2, 5.48-8.75 Mt 368 

NOx. Traded solar cells and modules will result in cumulative mitigation of 12.57-20.90 Mt PM10, 369 

58.28-99.85 Mt SO2, and 52.25-83.44 Mt NOx, which are less than that under the BAU scenario by 370 

1.87-3.10 Mt PM10, 8.65-14.82 Mt SO2, 7.75-12.38 Mt NOx (Fig. 6d) (see Methods and 371 

Supplementary Data 31). 372 

 373 

Table 3 Changes in PV product exports, imports and outputs under TBS in contrast to 
BAU scenario (with 2017 reference) 

Economy 
Change in export value 
(million US$) 

Change in import value 
(million US$) 

Change in output 
(MW) 

AUS -1.77 -3.13 -4.21 
AUT -19.58 -57.24 -12.85 
BEL -40.52 -108.99 -31.52 
BRA -0.03 1.60 -7.74 
CAN -43.30 -1.42 -100.71 
CHN -799.03 31.34 -2,030.35 
CZE -37.04 -28.70 -94.24 
FRA -95.39 -265.53 -11.52 
DEU -337.79 -597.42 -464.19 
IND -51.37 -739.43 173.11 
ITA -73.34 -122.28 -104.61 
JPN -28.17 21.71 -155.20 
MYS -102.16 -2.97 -249.23 
MEX -6.51 -2.73 -15.44 
NLD -585.93 -620.07 -1,262.49 
TWN -226.24 -1.80 -561.20 
POL -13.84 -57.67 -3.32 
KOR -329.14 -11.18 -798.42 
SGP -101.61 -2.91 -251.17 
THA -22.02 2.92 -67.37 
TUR -0.17 21.90 -87.83 
GBR -47.34 -187.81 35.66 
USA -48.55 -835.70 271.88 
VIE -482.64 -7.79 -1,210.27 
ROW-CPE -113.36 -31.54 -266.14 

This table shows changes in PV trade export value, import value and output of each economies 
under TBS. In the GSIM model, Hong Kong and China are incorporated as one economy, so 
their bilateral trade was treated as domestic sales. The ROW-CPE includes countries/economies 
other than the 24 largest PV product trade partners identified in the GSIM model and were 
treated as one economy. This study converted all the currencies to US dollars first and then 
converted them to 2010 US$ for comparability. 

  374 
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a                                  b 375 

    376 
c                                  d 377 

    378 
Fig. 6 Extra tariff impacts on the global PV capacity installation, PV power generation and 379 
emissions reduction potential (2017-2050) under trade barrier scenario (TBS). a, b Column 380 
charts show decrease of global cumulative PV capacity installation, traded PV capacity and the 381 
decrease of global PV power generation in TBS to represent the impacts of extra tariffs on PV 382 
product trade. c, d The point-line charts show the decreases in CO2 and air pollutant emissions 383 
reduction potential in the SSG and SST scenarios due to the impacts of extra tariffs on PV product 384 
trade. 385 

Discussion  386 

The global solar PV product trade plays an important role in facilitating PV products 387 

production and utilization, mitigating climate change and improving local environmental quality. 388 

Traded solar cells and modules in 2014 and 2017 could generate 1,136.75 TWh and 2,325.25 TWh 389 

of electricity over their 30-year lifetimes. These environmental benefits are sizable and significant 390 

when considering that solar power could substitute for local power generation sources. The 30-year 391 

lifetime GHG emissions reduction potential from traded solar cells and modules could be as high as 392 

840.71 Mt CO2e for those traded in 2014 or 1,734.59 Mt CO2e for those traded in 2017. From 2017 393 

to 2050, globally traded solar cells and modules will cumulatively contribute 105,423.07 TWh of 394 

clean electricity and result in a reduction in emissions from the BAU scenario of approximately 395 
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55.76-86.45 Gt CO2e. 396 

The present study clarified that, although the global PV product trade is accompanied by carbon 397 

and pollutant emissions “migration”, the embodied emissions in the global PV product trade are 398 

trivial compared with the substantial emissions reduction potential this type of trade can contribute 399 

to global public goods by helping to avert a climate crisis. Most of the countries/economies that 400 

were the major producers and exporters of PV products can also enjoy tremendous net 401 

environmental benefits in the form of pollutant emissions reductions from imported PV power 402 

generation capacity. 403 

Trade protectionism measures, such as extra tariffs on PV products associated with the US-404 

China trade war, will not only harm some specific countries/economies but also hurt the whole world 405 

by eating into the emissions reduction potential from PV product applications. Under the worst trade 406 

barrier or the extra tariff imposing scenario, from 2017 to 2050, global cumulative PV power 407 

production will be 9,621.77 TWh less than that in the BAU scenario, which will lead to a decline in 408 

the global cumulative emissions reduction potential of 5.09-7.89 Gt CO2e, 1.32-2.19 Mt PM10, 6.11-409 

10.47 Mt SO2, and 5.48-8.75 Mt NOx. Therefore, there is strong environmental cases for facilitating 410 

the trade of PV product trade globally.  411 

There are also several policies and measures that could support the recommended facilitation 412 

of this trade. The most straightforward of these measures is lowering tariffs; however, this is very 413 

unlikely to happen without coordination from regional and global institutions. A concrete channel 414 

through which this coordination can occur involves incorporating PV products into the 415 

‘environmental products list’ of the WTO and regional free trade agreements and excluding these 416 

products from protectionism and trade barriers. There is also a case for strengthening coordination 417 

between regional and global trade organizations and the United Nations Framework Convention on 418 

Climate Change (UNFCCC). For example, the UNFCCC could encourage countries to include the 419 

global and local impacts of PV product trade in their nationally determined contributions (NDCs) 420 

that countries pledged as part of the Paris Agreement. Finally, these efforts would be given 421 

additional support with enhanced coordination and information sharing across agencies responsible 422 

for the trade portfolio and climate change. All in all, analysis of this article can provide a firm 423 

evidence base for collaboration at multiple levels of decision, expanding the global solar PV product 424 

market and global and local emissions reductions. 425 

  426 
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Methods 427 

The four major products in the global PV industry chain are silicon, silicon wafers, solar cells, 428 

and PV modules 5. In the present study, solar cells and modules are treated as a whole set of product 429 

segments for convenience. Because international statistics on PV product production and trade in 430 

the early years were sparse and 2014 and 2017 set the historical records of 40 GW and 100 GW of 431 

newly installed PV power capacity, we chose these two years to carry out the global snapshot 432 

observations and then project to 2050. First, the major PV product trade partners whose cumulative 433 

share exceeded 80% were chosen for each product based on ABRAMS world trade wiki 51. Second, 434 

country/economy-specific PV product trade data were extracted from the UN Comtrade database 52 435 

and national official statistics to construct the TFM for the description of the global PV product 436 

trade situation. Third, the embodied carbon and pollutants in each product’s trade network were 437 

calculated. Fourth, the emissions reduction potential of PV power generation based on the 438 

application of the traded PV products was predicted. Finally, a computable partial equilibrium model, 439 

the global simulation model (GSIM), was applied to simulate the impact of trade barriers on the PV 440 

product trade and the loss in emissions reduction potential. 441 

Multi-lateral PV product trade and trade flow matrix (TFM) construction 442 

Research on international trade and environmental issues usually employs the multiregional 443 

input-output (MRIO) method and data 29-32,53-55. Global MRIO data such as GTAP, WIOD, and Eora 444 

are based on macroeconomic sector data, from which information about PV products and their 445 

global trade was difficult to extract. Existing studies mainly refer only to trade statistics for solar 446 

modules to account for embodied carbon flow and covered only limited countries/regions22,24,28, 447 

while few studies have focused on the environmental impacts of the global PV product trade. 448 

To form a global PV product trade data set, this study processed a large amount of data obtained 449 

from multilateral institutional databases and databases of customs and trade departments from 450 

dozens of countries and economies 52,56-71 to construct a trade flow matrix (TFM) of PV products, 451 

which served as the basis to conduct calculations and analyses of embodied pollutants and emissions 452 

reductions related to PV application. 453 

Harmonized System (HS) commodity codes were used to retrieve trade data for PV products 454 

(HS6 code, silicon-280461, silicon wafer-381800, and solar cells and modules-854140). More 455 

specific trade data with 8 or 10 digits were obtained from official statistics or customs of various 456 

countries/economies. Fifty-three countries/economies and the “rest of the world” (ROW) are 457 

included in the TFM, and they are divided into six groups/regions, namely, Oceania, Europe, 458 

Southeast Asia and other Asian countries (Southeast Asia plus India and Turkey), America, East 459 
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Asia, and ROW (see Table 1). ROW refers to all the countries/economies that are not explicitly 460 

identified and are treated as one group of trade partners. 461 

We built TFM 𝐴𝑖,𝑗  for each PV product category, where i denotes the exporting 462 

country/economy, and j denotes the importing country/economy. 𝑎𝑖,𝑗, an element of 𝐴𝑖,𝑗, represents 463 

the trade value of each product exported from i to j. 464 

The trade values between ROW and other identified countries/economies were not known 465 

owing to limited information, so we estimated the export value from ROW to country j based on 466 

trade statistics (see Supplementary Note 1). 467 

The trade value statistics obtained from various sources were in the current prices of various 468 

currencies. This study converted all the currencies to US dollars first and then converted them to 469 

2010 US$ for comparability. 470 

Existing PV product trade studies have mostly been conducted based on the UN Comtrade 471 

database, and few of these studies noted re-export and re-import problems in the database 22,28. 472 

Proportions of re-export to total export value in some economies are quite considerable; for 473 

instance, in 2017, over 99% of the total value of solar cells and modules exported from Hong Kong 474 

were attributed to re-export, and in Canada and the USA, the proportions were both over 11%, 475 

which essentially can distort real global PV trade volume, making inter-country/region embodied 476 

carbon and pollutant flow estimations inaccurate. In this study, the export data were traced back 477 

and assigned to the actual sources (exporters) and destinations (importers) to construct an adjusted 478 

TFM (see Supplementary Table 1, Supplementary Note 2). 479 

Accounting for embodied carbon and pollutant emissions in trade 480 

PV power generation is relatively clean and near zero-emissions in its application, but certain 481 

amounts of GHGs and pollutants are emitted during the PV products production process 12,16,29,32. 482 

The global PV product trade results in the dislocation of production and consumption, accompanied 483 

by embodied carbon and pollutant emissions flows and environmental benefits “redistribution”. 484 

To calculate embodied emissions in the PV product trade, lifecycle carbon emissions factors 485 

of PV products were obtained from existing lifecycle analysis (LCA) studies for various PV 486 

products. Because emissions factors can only be found for a limited number of countries, PV product 487 

LCA carbon emissions factors for China 9 were applied to Hong Kong, Taiwan, Russia, India and 488 

Turkey; carbon emissions factors for Germany 72 were applied to European countries (with the 489 

exception of Norway, whose emissions factor was adjusted according to its energy mix), New 490 

Zealand and Brazil; carbon emissions factors for the USA 73 were applied to all American countries, 491 

including Canada and Mexico; those for Korea 74 were also applied to Japan and Oceania; those for 492 

Singapore 75 were applied to all ASEAN countries. The average values from the above five countries 493 



 

21 
 

were applied to ROW. Since the PV product trade values in the constructed TFM are US$ values 494 

but not in trade volumes, the emissions coefficients were converted into emissions per US$. The 495 

Wind database 76 was used to obtain the international average prices of PV products in 2014 and 496 

2017. Lifecycle carbon emissions factors for the PV products are listed in Supplementary Note 3 497 

and Supplementary Table 2. 498 

Embodied local pollutants in the PV trade were also calculated and analysed. This study 499 

calculated embodied pollutants in the PV product trade, including the air pollutants PM10, NOx and 500 

SO2 and water pollutant (COD). Because most studies on lifecycle PV product pollutant emissions 501 

were conducted in China, LCA pollutant coefficients of China 12 were employed to represent those 502 

of China, Hong Kong, Taiwan, Japan, and Korea. The Ecoinvent database 73, a widely acknowledged 503 

lifecycle inventory database, was used to acquire pollutant emissions coefficients for the other 504 

countries and ROW. The lifecycle emissions factors of local pollutants embodied in PV products, 505 

including PM10, NOx, SO2 and COD, are given in Supplementary Note 3 and Supplementary Tables 506 

3 and 4 for 2014 and 2017. 507 

Based on the PV product TFM, embodied carbon and pollutants can be calculated by equation 508 

(1) and equation (2). 509 

 𝐸𝐶𝑖,𝑗 = 𝐸𝐹𝑖,𝐶 × 𝑎𝑖,𝑗 (1) 510 

 𝐸𝑃𝑖,𝑗 = 𝐸𝐹𝑖,𝑃 × 𝑎𝑖,𝑗 (2) 511 

Where 𝐸𝐶𝑖,𝑗  and 𝐸𝑃𝑖,𝑗  are the embodied carbon and pollutants, respectively, transferred 512 

from country/economy i to country/economy j. 𝐸𝐹𝑖,𝐶  and 𝐸𝐹𝑖,𝑃  are the carbon and pollutant 513 

emissions coefficients of the PV product, respectively, in country/economy i. 514 

Further, considering both emissions embodied in export and import simultaneously, the balance 515 

of emissions embodied in trade (BEET) 77,78 in the global PV product trade can be calculated by 516 

equation (3) and equation (4). 517 

 BEET𝐶𝑖 = ∑ 𝐸𝐶𝑖,𝑗𝑗 − ∑ 𝐸𝐶𝑗,𝑖𝑗  (3) 518 

 BEET𝑃𝑖 = ∑ 𝐸𝑃𝑖,𝑗𝑗 − ∑ 𝐸𝑃𝑗,𝑖𝑗  (4) 519 

Where BEET𝐶𝑖  and BEET𝑃𝑖  are the balance of the embodied carbon and pollutant flows, 520 

respectively, of country/economy i, which can be used to reflect whether a country/economy i is a 521 

net exporter or net importer of GHGs and pollutants in international trade. 522 

Emissions reduction potential generated from traded solar cells and modules 523 

To calculate the emissions reduction potential of traded PV products, several steps are involved. 524 

First, trade values of solar cells and modules were converted into trade volumes based on product 525 

prices. Second, solar power generation potential was predicted for the installed capacity increment 526 
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attributed to solar cell and module trade. Third, the lifetime emissions (carbon and pollutants) 527 

reduction potential was determined based on the PV power generation potential. 528 

Two scenarios were assumed for the emissions reduction potential estimation. The first 529 

scenario was substituting solar power for electricity on the local grid (SSG), and the emissions 530 

reduction potential was estimated with the average emissions coefficients of the local power grid; 531 

the second scenario was substituting solar power for thermal power generation (SST) (with the 532 

exception of in Australia, whose emissions factors were based on coal-fired power generation), and 533 

the emissions reduction potential was estimated with the average emissions factors of local coal-534 

fired power plants or thermal power plants. (Supplementary Data 32-33). 535 

For PV product m, the trade volume of export country i to import country j, 𝑇𝑉𝑖,𝑗 , was 536 

calculated by equation (5). 537 

 𝑇𝑉𝑖,𝑗 = 𝑎𝑖,𝑗 ÷ 𝑃𝑚 (5) 538 

Where 𝑃𝑚 is the international price of solar cells and modules. 539 

The PV power generation potential in country j resulting from solar cells and modules imported 540 

from country i, 𝑄𝐸𝑖,𝑗, was obtained by equation (6) 79. 541 

 𝑄𝐸𝑖,𝑗 = 𝑇𝑉𝑖,𝑗 × 𝐼𝑟𝑟𝑎𝑗𝐻𝑠𝑡𝑐 × 𝑃𝑅 × 𝑆𝐿 × 𝐿𝑅 (6) 542 

 𝐿𝑅 = ∑ (100−0.7×(𝑆𝐿−1))100𝑆𝐿𝑦=1  (7) 543 

Where 𝐼𝑟𝑟𝑎𝑗 is the annual irradiation (kWh/m2/year) in country j, and national level data were 544 

obtained from IEA 5 and PVGIS database 80. 𝐻𝑠𝑡𝑐 is the irradiance at standard test conditions, equal 545 

to 1 kW/m2. PR is the performance ratio, which was set to 80%. SL is the PV system lifetime ranging 546 

between 20 and 40 years and was set to 30 years here. LR is the coefficient considering the total 547 

efficiency loss ratio (0.7% per year) of the PV system. PR, SL and LR were set based on the IEA 548 

recommended value 81. 549 

This study defined the emissions reduction factors of CO2 and pollutants attributed to PV 550 

application by equations (8) - (9). 551 

 𝐸𝑅𝐹𝑖,𝐶 = 𝐸𝐹𝑖,𝐶,𝐿𝑃𝐺  𝑜𝑟 𝐸𝐹𝑖,𝐶,𝑇ℎ𝑒𝑟 (8) 552 

 𝐸𝑅𝐹𝑖,𝑃 = 𝐸𝐹𝑖,𝑃,𝐿𝑃𝐺  𝑜𝑟 𝐸𝐹𝑖,𝑃,𝑇ℎ𝑒𝑟 (9) 553 

Where 𝐸𝑅𝐹𝑖,𝐶 and 𝐸𝑅𝐹𝑖,𝑃 are the carbon and pollutant emissions reduction factors of PV 554 

application, respectively, in country/economy i. 𝐸𝐹𝑖,𝐶,𝐿𝑃𝐺 and 𝐸𝐹𝑖,𝑃,𝐿𝑃𝐺  represent the carbon and 555 

local pollutant emissions coefficients of the local power grid, respectively, in country/economy i, 556 

which were used in the SSG scenario. 𝐸𝐹𝑖,𝐶,𝑇ℎ𝑒𝑟 and 𝐸𝐹𝑖,𝑃,𝑇ℎ𝑒𝑟 are the carbon and local pollutant 557 

emissions coefficients of local thermal power generation, respectively, which were used in the SST 558 

scenario. 559 

For the SSG scenario, the 𝐸𝐹𝑖,𝐶,𝐿𝑃𝐺  factors of EU countries, the USA, Canada, Norway, 560 
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Turkey, Australia, New Zealand and China were obtained from official statistics 82-90, those of other 561 

identified trade partner countries/economies were calculated according to IEA statistics 6,91, and the 562 

global average emissions factors of electricity generation obtained from the IEA 92 were applied to 563 

ROW. The 𝐸𝐹𝑖,𝑃,𝐿𝑃𝐺 factors in 2014 and 2017 of EU countries, the USA, Canada, New Zealand, 564 

other OECD members, and China were also drawn from official statistics or reports 83,84,86,93-99. For 565 

other countries/economies lacking emissions data, the EDGAR database100 was used to acquire 2012 566 

emissions data, which were extrapolated to 2014 and 2017 according to changes in their electric 567 

power structure 6. The average 𝐸𝐹𝑖,𝑃,𝐿𝑃𝐺 value was used to represent ROW. 568 

For the SST scenario, the𝐸𝐹𝑖,𝐶,𝑇ℎ𝑒𝑟  and 𝐸𝐹𝑖,𝑃,𝑇ℎ𝑒𝑟  of the USA, Canada, Australia, EU 569 

countries, Norway, Turkey, other OECD members and China were obtained from official statistics 570 

6,83-86,88,89,93-99,101-104, coal-fired power generation data were obtained for Australia, and thermal 571 

power generation data were obtained for the remaining economies. For other countries/economies 572 

whose thermal power generation information could not be directly obtained, we estimated their 573 𝐸𝐹𝑖,𝐶,𝑇ℎ𝑒𝑟 and 𝐸𝐹𝑖,𝑃,𝑇ℎ𝑒𝑟 based on the EDGAR database 105 and local electricity structure 6, and 574 

the change rates were estimated as in the SSG scenario 106,107. 575 

The quantity of the emissions reduction in terms of CO2 and pollutants was calculated by 576 

equations (10) - (11). 577 

 𝑄𝐸𝑅𝑖,𝑗,𝐶 = 𝑄𝐸𝑖,𝑗 × 𝐸𝑅𝐹𝑗,𝐶 (10) 578 

 𝑄𝐸𝑅𝑖,𝑗,𝑃 = 𝑄𝐸𝑖,𝑗 × 𝐸𝑅𝐹𝑗,𝑃 (11) 579 

Where 𝑄𝐸𝑅𝑖,𝑗,𝐶  and 𝑄𝐸𝑅𝑖,𝑗,𝑃  are the carbon emissions and local pollutant reduction 580 

potential of the application of solar cells and modules, respectively, exported from country/economy 581 

i to j and generating power in j.  582 

Computable partial equilibrium model (CPE) to evaluate extra tariff impacts on 583 

the PV trade 584 

According to the WTO 108 and MOFCOM 109, countries/economies, such as Brazil, Mexico 585 

and some ASEAN countries, impose tariffs on PV products. Trade barriers such as antidumping or 586 

countervailing continually influence global PV product trade, production and application 5. Several 587 

major PV product trade conflicts occurred in 2017; for example, the USA complained that the 588 

domestic PV industry was damaged by imported products and vowed to impose additional tariffs 589 

on imported solar cells and modules, which led to objections from China, Korea, and Mexico. 590 

Europe restricted the minimum import price (MIP) and maximum shipping volume of Chinese PV 591 

products. Turkey and India also imposed tariffs on imported solar modules from China 5. On April 592 

16, 2020, the USTR removed the Section 201 tariff exclusion for the bifacial solar module 33. 593 
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This study adopted a global simulation model (GSIM), which is a multiregional computable 594 

partial equilibrium model (CPE), to simulate the impact of tariff imposition on global solar cell and 595 

module trade and production, solar power generation and the corresponding emissions reduction 596 

potential. The GSIM model was developed and expanded by Francois and Hall 110 and focuses on 597 

industry analysis from a global perspective, allowing for rapid and relatively transparent analysis of 598 

commercial policy issues with minimal data and computational requirements.48,111-113 599 

The GSIM model can incorporate a maximum of 25 countries/economies or trade partners, so 600 

the 24 largest PV product trade partners and ROW-CPE (composed of the countries/economies other 601 

than the largest 24) were included. Solar cells and modules, as the major traded PV products and 602 

key objectives of trade conflicts, were taken to carry out the simulations. Two trade policy scenarios 603 

were assumed. The business-as-usual (BAU) scenario was set according to actual tariffs imposed 604 

on global traded solar cells and modules in 2017. In the BAU scenario, the USA, European countries, 605 

Canada, and Turkey impose tariffs on imported Chinese solar cells and modules, and Brazil and 606 

Mexico impose tariffs on imported solar cells and modules from all other economies. The trade 607 

barrier scenario (TBS) or extra tariff imposition scenario, was a tariff-intensified scenario: based on 608 

recent business reports, the worst situation of the multilateral trade tariff imposition proposition can 609 

involve that, European countries reinstate tariff on Chinese PV product and expand to solar cells 610 

and modules from all origins; Brazil and Mexico keep tariff on solar cells and modules from all 611 

origins; India impose tariffs on imported solar cells and modules from all origins; Canada and 612 

Turkey keep imposing tariffs on Chinese solar cells and modules; and the USA impose 201 tariff on 613 

Chinese solar cells and modules and expand to those from all origins, and China imposes retaliation 614 

tariffs on the USA solar cells and modules. For TBS, the import tariff rate of the EU was set to 47.6% 615 

based on the European Commission determination 114,115. The import tariff rate of the USA was set 616 

to 30% based on Section 201 116, while a higher rate was imposed on Chinese PV products 617 

considering the superposition of Section 201, Section 301, and antidumping and countervailing 618 

policies 116-118. The other tariff rates were set based on the WTO 108, MOFCOM 109, official statistics 619 

119 or business news reports 120,121. 620 

In terms of trade statistics, the top 24 PV product trade countries/economies in 2017 were 621 

selected, and the other countries/economies were merged into ROW-CPE (Supplementary Table 5). 622 

Three groups of data were collected and input into the GSIM model: trade value among the selected 623 

countries/economies, elasticities (supply, demand and substitution elasticities of solar cells and 624 

modules), and tariff rates before and after trade measure implementation. Trade values were 625 

obtained from UN Comtrade 52, tariff rates were obtained from the WTO 108 and MOFCOM 109 626 

(Supplementary Data 34), and elasticities of solar cell and module trade were obtained from current 627 

research 48 (Supplementary Table 6). The output value of the solar PV industry is quite limited, and 628 
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the solar cell and module output values of various countries/economies in this study were calculated 629 

by the authors based on local production (or capacity) and price statistics. Domestic sales were 630 

obtained by deducting export values from output values. Detailed data sets and selected economies 631 

are shown in Supplementary Note 4. 632 

Projection to the PV development scenario 633 

Traded solar modules accounted for over 100% in 2014 and 76.89% in 2017 of the global 634 

newly installed solar power capacity. Based on the latest IEA forecast, the cumulative installed PV 635 

power generation capacity will surge to 3,142 GW in 2040 122, which is almost 8 times larger than 636 

that in 2017. IRENA predicts that annual PV installation in 2030, 2040 and 2050 will reach 300, 637 

355 and 360 GW 50. 638 

Based on the IRENA prediction, this study assumed that (1) solar module retirement would 639 

begin in 2040 (global PV capacity installed before 2010 would retire in 2040), (2) global PV trade 640 

pattern would keep stable, (3) the change rate of PV module trade volume would be the same as that 641 

of newly installed PV capacity between 2017-2050 in BAU, (4) installation of traded PV modules 642 

before 2017 were ignored to simplify calculation. Newly installed global PV capacity in year y 643 

(𝐺𝑁𝐼𝑃𝑉,𝐵𝐴𝑈,𝑦) and newly installed capacity of traded PV (𝐺𝑁𝐼𝑃𝑉𝑇𝑅,𝐵𝐴𝑈,𝑦) in the BAU scenario were 644 

calculated by interpolation. 645 

In TBS, global PV module output decrease (𝑂𝐷𝑃𝑉) and traded PV cells and modules decrease 646 

(𝑇𝐷𝑃𝑉) based on the 2017 baseline from the tariff were obtained by the GSIM model. The decrease 647 

rate of newly installed PV capacity (𝐷𝑁𝐼𝑃𝑉) and decrease rate of newly installed traded PV capacity 648 

(𝐷𝑁𝐼𝑃𝑉𝑇𝑅) were calculated by equations (12)-(13). These rates were adopted to estimate tariff 649 

impacts on global PV application by 2050 and used to obtain global newly installed PV capacity 650 

(𝐺𝑁𝐼𝑃𝑉,𝑇𝐵𝑆,𝑦) and newly installed traded PV capacity in year y (𝐺𝑁𝐼𝑃𝑉𝑇𝑅,𝑇𝐵𝑆,𝑦) under TBS with 651 

equations (14)-(15). Global cumulative PV capacity installation in year y (𝐺𝐶𝐼𝑃𝑉,𝑦) and cumulative 652 

traded PV capacity installation in year y (𝐺𝐶𝐼𝑃𝑉𝑇𝑅,𝑦) under the BAU and TBS scenarios were 653 

calculated with equations (16)-(17) with annual retirements of total PV capacity installation 654 

(𝐺𝑅𝐼𝑃𝑉,𝑦) and traded PV capacity installation (𝐺𝑅𝐼𝑃𝑉𝑇𝑅,𝑦) considered. 7,123-125 655 

 𝐷𝑁𝐼𝑃𝑉 = 𝑂𝐷𝑃𝑉 ÷ 𝐺𝑁𝐼𝑃𝑉,𝐵𝐴𝑈,2017 (12)656 

 𝐷𝑁𝐼𝑃𝑉𝑇𝑅 = 𝑇𝐷𝑃𝑉 ÷ 𝐺𝑁𝐼𝑃𝑉𝑇𝑅,𝐵𝐴𝑈,2017 (13) 657 

 𝐺𝑁𝐼𝑃𝑉,𝑇𝐵𝑆,𝑦 = 𝐺𝑁𝐼𝑃𝑉,𝐵𝐴𝑈,𝑦 × (1 − 𝐷𝑁𝐼𝑃𝑉)  (14) 658 

 𝐺𝑁𝐼𝑃𝑉𝑇𝑅,𝑇𝐵𝑆,𝑦 = 𝐺𝑁𝐼𝑃𝑉𝑇𝑅,𝐵𝐴𝑈,𝑦 × (1 − 𝐷𝑁𝐼𝑃𝑉𝑇𝑅) (15) 659 

 𝐺𝐶𝐼𝑃𝑉,𝑦 = ∑ (𝐺𝑁𝐼𝑃𝑉,𝑦 − 𝐺𝑅𝐼𝑃𝑉,𝑦)𝑦  (16) 660 
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 𝐺𝐶𝐼𝑃𝑉,𝑦 = ∑ (𝐺𝑁𝐼𝑃𝑉,𝑦𝑦 − 𝐺𝑅𝐼𝑃𝑉,𝑦) (17) 661 

Based on the above indicators, tariff impacts on solar PV power generation and emissions 662 

reduction potential were calculated with the same method as counting “emissions reduction 663 

potential generated from traded solar cells and modules”.  664 
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Figures

Figure 1

Global PV installation and PV product trade �ow. Sankey diagrams present global PV product trade �ows
in 2014 and 2017. Southeast Asia and other Asian countries is abbreviated as “S Asia”. a This �gure
shows global PV trade �ows in 2014. East Asia and Europe were the most important PV product exporters
and importers. The top 3 biggest extra-region �ows were from East Asia to Europe, then to America and to
Southeast Asia and other Asian countries. b This �gure shows global PV trade �ows in 2017. East Asia
was still the biggest PV product exporter and importer, and Southeast Asia and other Asian countries
became the second largest importer. The top 3 biggest extra-region �ows were from East Asia to
Southeast Asia and other Asian countries, then to America and to Europe. From 2014 to 2017, the global
PV trade �ow pattern became more diversi�ed and evenly distributed. East Asia maintained a leading role
in the global PV product trade, especially China, which was the key PV product production and trade hub.
Europe and America tended to produce and export silicon to and import solar cells and modules from
Asia. Southeast Asia and other Asian countries increased their share in the global PV product market and
intensi�ed trade links with other regions, owing to local cheaper labour and land costs, lower tax rates,
and less strict environmental regulation 30. Import value gaps between East Asia and other regions
narrowed (see Supplementary Data 5-10 for more details). This study converted all the currencies to US
dollars �rst and then converted them to 2010 US$ for comparability.



Figure 2

Structure and �ow of CO2 embodied in the global PV product trade (2014 and 2017). These maps
represent CO2 embodied in the global PV product trade in 2014 and 2017. a, b In the two sub-�gures,
inner pies represent the proportion of carbon embodied in different PV product exports; outer doughnuts
explain the proportion of embodied carbon contributed by each exporting region. c, d The two sub-�gures
represent �ow of carbon embodied in PV product trade between regions in 2014 and 2017. From 2014 to
2017, noticeable growth in embodied carbon appeared in addition to an increase in PV product trade,
especially in East Asia, Southeast Asia and other Asian countries. Compared with in 2014, in 2017,
carbon emissions embodied in PV product trade increased by 61.76% or 46.49 MtCO2e. East Asia
observed the largest increase in embodied carbon exports (30.87 MtCO2e), which increased by 56.68%,
and its trade with Southeast Asia and other Asian countries contributed 15.11 MtCO2e to this increase.
Southeast and other Asian countries had the second highest growth of embodied carbon exports at 8.32
MtCO2e and the largest increase rate at 216.79%. China accounted for the largest increment (20.65
MtCO2e), followed by the USA (3.99 MtCO2e) and Taiwan (3.84 MtCO2e). The increase in Southeast
Asian countries was conspicuous, e.g., Malaysia (3.10 MtCO2e) and Vietnam (1.80 MtCO2e). For
embodied carbon imports, growth in Southeast Asia and other Asian countries was the largest (17.85



MtCO2e), followed by that in America (6.54 MtCO2e), and the leading countries were India, China and the
USA (see Supplementary Data 11-12). Note: The designations employed and the presentation of the
material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.

Figure 3



Balance of CO2 and local pollutants embodied in the PV product trade in 2014 and 2017. These column
charts show the balance of total CO2 and pollutants embodied in the global PV product trade by region,
bars above the horizontal axis (y=0) represent CO2 and local pollutants embodied in exports, and bars
under the horizontal axis represent CO2 and local pollutants embodied in imports. a, b Black dots
represent the balance of embodied CO2 (BEET). c, d Black dots display the balance of embodied local
pollutants (BEET).

Figure 4

Carbon emissions reduction potential of traded solar cells and modules in 2014 and 2017 (30-year
lifetime; SSG and SST scenarios). a, b, c, d The Sankey diagrams show the CO2 emissions reduction
potential transferred from exporter regions (right) to importer regions (left) in 2014 and 2017 under SSG
and SST scenarios.



Figure 5

Global carbon and pollutant reduction potential from traded solar cells and modules in BAU. a Column
chart shows projected global cumulative PV installation and traded PV capacity in the BAU scenario.
Global cumulative installed PV capacity values from 2015-2017 were drawn from IEA-PVPS5,7, and the
capacity values from 2017-2050 were projected by the authors based on IRENA50 (see methods for
details). b Column chart shows projected power generation potential from globally cumulative PV
installation and traded PV capacity in the BAU scenario. c, d These two �gures show carbon and pollutant
emission reduction potential from traded solar cells and modules from 2017-2050 in BAU.



Figure 6

Extra tariff impacts on the global PV capacity installation, PV power generation and emissions reduction
potential (2017-2050) under trade barrier scenario (TBS). a, b Column charts show decrease of global
cumulative PV capacity installation, traded PV capacity and the decrease of global PV power generation
in TBS to represent the impacts of extra tariffs on PV product trade. c, d The point-line charts show the
decreases in CO2 and air pollutant emissions reduction potential in the SSG and SST scenarios due to
the impacts of extra tariffs on PV product trade.
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