
 

 

Supplementary Information 

Supplementary Note 

1 Trade flows between ROW and its trade partners 

We estimated trade flows between ROW and its trade partners based on available trade 

statistics. Trade value of ROW was calculated by the authors using Eq. (S1) and (S2). 

 𝑎𝑖,𝑅𝑂𝑊 = 𝑎𝑖,𝑤𝑜𝑟𝑙𝑑 − ∑ 𝑎𝑖,𝑗𝑗  (S1) 

i, j ≠ ROW. 

𝑎𝑖,𝑅𝑂𝑊 is export value from country i to ROW, 𝑎𝑖,𝑤𝑜𝑟𝑙𝑑 is export value from country i to the 

world. 

To obtain 𝑎𝑅𝑂𝑊,𝑗, the first step is to construct import value matrix 𝐵𝑖,𝑗, whose element 𝑏𝑖,𝑗, 

represents import trade value of i country/economy from j. 

 𝑏𝑖,𝑅𝑂𝑊 = 𝑏𝑖,𝑤𝑜𝑟𝑙𝑑 − ∑ 𝑏𝑖,𝑗𝑗  (S2) 

i, j ≠ ROW. 

𝑏𝑖,𝑅𝑂𝑊 and 𝑏𝑖,𝑤𝑜𝑟𝑙𝑑 are import values of country i from ROW and world respectively. 

In UN Comtrade database, export value of country i to country j 𝑎𝑖,𝑗 is different with import 

value of country j from country i, 𝑏𝑗,𝑖. Normally, 𝑎𝑖,𝑗 is based on FOB (Free on Board) and 𝑏𝑗,𝑖 

is based on CIF (Cost, insurance and Freight). Furthermore, both indicators are sourced from 

exporters and importers, respectively. According to trade statistics we acquired, the difference of 

export and import trade value of silicon, silicon wafer, as well as solar cells and modules in 2014 

are all less than 5%, and those in 2017 are all less than 10%. To simplify calculation, it is reasonable 

to assume that the value of 𝑎𝑖,𝑗 and 𝑏𝑗,𝑖 are identical. It is also rational to assume that the import 

of each country/economy from ROW equals to the export from ROW to corresponding 

country/economy. In the following formula (S8), the 𝑎𝑅𝑂𝑊,𝑗 is calculated according the share of 

import of country/economy j (IRj) from ROW in global import from ROW.  

To make the calculation more accurate, trade value flow within ROW should be deducted to 

compute export value from ROW to the world. 

 𝑏𝑅𝑂𝑊,𝑤𝑜𝑟𝑙𝑑 = 𝑏𝑤𝑜𝑟𝑙𝑑 − ∑ 𝑏𝑖,𝑤𝑜𝑟𝑙𝑑𝑖  (S3) 

 𝑏𝑅𝑂𝑊,𝑅𝑂𝑊 = 𝑏𝑅𝑂𝑊,𝑤𝑜𝑟𝑙𝑑 ×
∑ 𝑏𝑖,𝑅𝑂𝑊𝑖

∑ 𝑏𝑖,𝑤𝑜𝑟𝑙𝑑𝑖
 (S4) 

 𝑏𝑤𝑜𝑟𝑙𝑑,𝑅𝑂𝑊 = 𝑏𝑤𝑜𝑟𝑙𝑑 ×
∑ 𝑏𝑖,𝑅𝑂𝑊𝑖

∑ 𝑏𝑖,𝑤𝑜𝑟𝑙𝑑𝑖
 (S5) 

 𝑏𝑤𝑜𝑟𝑙𝑑,𝑅𝑂𝑊
′ = 𝑏𝑤𝑜𝑟𝑙𝑑,𝑅𝑂𝑊 − 𝑏𝑅𝑂𝑊,𝑅𝑂𝑊  (S6) 



 

 

 𝐼𝑅𝑗 =
𝑏𝑗,𝑅𝑂𝑊

𝑏𝑤𝑜𝑟𝑙𝑑,𝑅𝑂𝑊
′⁄  (S7) 

 𝑏𝑤𝑜𝑟𝑙𝑑,𝑅𝑂𝑊 is import value of world from ROW. 𝑏𝑤𝑜𝑟𝑙𝑑 is global import value of PV trade, 

which is obtained from ABRAMS world trade wiki1 and UN Comtrade2. 𝑏𝑤𝑜𝑟𝑙𝑑,𝑅𝑂𝑊
′
 is import 

value of world from ROW with internal trade in ROW being eliminated. 𝑏𝑅𝑂𝑊,𝑅𝑂𝑊 is trade value 

flow within ROW. 𝐼𝑅𝑗  is import share of country j from ROW in global import from ROW. 

𝑎𝑅𝑂𝑊,𝑤𝑜𝑟𝑙𝑑
′, export value of ROW to all non-ROW countries/economies, can be acquired by 

the same method with export trade data. 

Therefore, export value from ROW to country j, 𝑎𝑅𝑂𝑊,𝑗 can be obtained by Eq. (S8). 

 𝑎𝑅𝑂𝑊,𝑗 = 𝐼𝑅𝑗 × 𝑎𝑅𝑂𝑊,𝑤𝑜𝑟𝑙𝑑
′ (S8) 

2 Re-export and re-import issues in PV trade 

Difference exists in worldwide PV trade situation when entrepot trade issue is considered. In 

custom statistics, re-export/re-import appears in some countries/economies. For example, Hong 

Kong and Canada played significant roles in international cargo transit. In 2017, over 99% of solar 

cells and modules exported from Hong Kong were re-export, and in Canada the proportions was 

over 11%. Re-export and re-import would result in artificially high local trade value, displaying 

inaccurate trade structure. Thus, to obtain adjusted TFM, re-export trade value should be removed 

from total export for countries/economies acting as transshipment stations and re-allocated to its 

real exporters, and re-import should also be deducted from the initial import datasets.  

Based on the adjusted TFM, actual PV products export from America and East Asia exhibit 

small decrease compared with the initial TFM, while the actual PV products export from the rest 

regions, for example Europe, exhibit increase (shown in Table 1).  

 

Table 1 Variation of total PV trade value after re-export/re-import problem adjustment 

Region 
Difference in 

2014/US$ million 

%/ global 

trade value 

Difference in 

2017/US$ million 

%/global 

trade value 

Oceania 18.07 0.04% 2.82 0.01% 

Europe 396.85 0.97% 180.23 0.47% 

Southeast Asia and 

other Asian Countries 

(Southeast Asia plus 

India and Turkey)  

91.44 0.22% 124.61 0.32% 

East Asia -344.20 -0.84% -147.34 -0.38% 

America -191.61 -0.47% -167.45 -0.43% 

ROW 29.44 0.07% 7.13 0.02% 

 



 

 

3 Additional methods and data for embodied carbon and pollutants accounting  

In embodied carbon and pollutant calculation, PV product lifecycle analysis (LCA) carbon and 

pollutants emission coefficients, which were obtained from LCA studies for various PV products 

and the Ecoinvent database, are listed as Tables 2, 3 and 4.  

Because regional LCA studies of PV products were quite limited, we adopted the latest and up-

to-date LCA emission coefficients available to carry out embodied emission calculation. The Wind 

database 3 was used to obtain the international average prices of PV products in 2014 and 2017. 

Based on the LCA data and PV products prices, the emissions coefficients of PV products were 

converted into emissions per unit trade value. 

 

Table 2 Lifecycle carbon emission coefficients of PV products 

PV Product China Europe USA  Korea Singapore ROW 

Silicon (kg CO2/kg silicon) 129.86 39.64 79.34 37.88 59.50 69.24 

Silicon wafer(kg CO2/kg wafer) 150.29 93.59 302.83 129.84 233.18 181.95 

Solar cell(kg CO2/W cell) 0.96 0.26 0.79 0.65 0.60 0.65 

PV module(kg CO2/W module) 1.17 0.29 1.21 0.70 0.74 0.82 

Note: The LCA emission coefficients for each PV product are cumulative values considering all upstream processes 

and calculated by the author based on current LCA researches. The average values from China 4, EU 5, the USA 6, 

Korea 7 and Singapore 8 were applied to ROW. Emission coefficients of China, Europe (represented by Germany) 

and Singapore reflected their 2013 PV technology level; and that of the USA and Korea reflected their production 

technology level in 2012 and 2009, respectively. 

 

Table 3 Lifecycle local pollutants emission coefficients of PV products (Europe, America and 

other regions) 

Regions Product 
Silicon 

(kg/kg silicon) 

Silicon Wafer 

(kg/piece wafer) 

Solar cell 

(kg/W cell) 

Solar module 

(kg/W module) 

Europe & 

America 

Air pollutant 

PM10 0.002 0.0003 0.337 0.297 

NOx 0.010 0.001 0.814 0.721 

SO2 0.010 0.001 1.432 1.240 

Water pollutant 

COD 0.012 0.003 2.868 2.105 

Other 

Air pollutant 

PM10 0.006 0.0003 0.393 0.323 

NOx 0.013 0.001 0.869 0.731 

SO2 0.020 0.002 1.571 1.254 

Water pollutant 

COD 0.015 0.003 2.908 2.098 

Note: The LCA emission coefficients for each PV product are cumulative values considering all upstream processes. 

The Ecoinvent 6 emission coefficients of Europe, America and ROW represented their 2000-2010 production 



 

 

technology level. 

 

Table 4 Lifecycle local pollutants emission coefficients of PV products (China) 

Time Product 
Silicon 

(kg/kg silicon) 

Silicon Wafer 

(kg/piece wafer) 

Solar cell 

(g/W cell) 

Solar module 

(kg/W module) 

2014 

Air pollutant 

PM10 0.013 0.0003 0.103 0.113 

NOx 0.149 0.004 1.267 1.389 

SO2 0.139 0.004 1.130 1.242 

Water pollutant 

COD 0.002 0.001 0.311 0.323 

2017 

Air pollutant 

PM10 0.003 0.0001 0.024 0.025 

NOx 0.017 0.001 0.199 0.215 

SO2 0.018 0.001 0.146 0.160 

Water pollutant 

COD 0.002 0.001 0.311 0.323 

Note: The LCA emission coefficients for each PV product are cumulative values considering all upstream processes. 

Emission coefficients of China 9 reflected 2013 production technology level, and power generation emission level 

in 2013 and 2017. 

4 GSIM model 

24 countries/economies ranked top PV product trader partners in 2017 were selected, the other 

countries/economies were merged as ROW-CPE (Table 5). Hong Kong is incorporated in China in 

GSIM model simulation. Elasticities of solar cells and modules trade were referred from the latest 

study 10 (Table 6). 

  



 

 

 

Table 5 Global major trade partner countries/economies in GSIM model 

Country/Economy Abbreviation Country/Economy Abbreviation 

Australia AUS Mexico MEX 

Austria AUT Netherlands NLD 

Belgium BEL Taiwan TWN 

Brazil BRA Poland POL 

Canada CAN Korea KOR 

China CHN Singapore SGP 

Czechia CZE Thailand THA 

France FRA Turkey TUR 

Germany DEU United Kingdom GBR 

India IND USA USA 

Italy ITA Vietnam VIE 

Japan JPN Countries/Economies other 

than the 24 largest PV 

product trade partners 

ROW-CPE 

Malaysia MYS 

Note: countries/economies other than the 24 largest PV product trade partners were merged as ROW-CPE. 

 

 

 

 

 



 

 

Table 6 Elasticities of solar cells and modules trade in GSIM model 

 AUS AUT BEL BRA CAN CHN CZE FRA DEU IND 

Demand Elasticity -0.75 -0.75 -0.75 -0.75 -0.77 -0.94 -0.75 -0.83 -0.83 -0.75 

Supply Elasticity 2.36 2.36 2.36 2.36 2.94 4.01 2.36 3.38 3.38 2.36 

Substitution Elasticity 2.76 2.76 2.76 2.76 2.76 2.76 2.76 2.76 2.76 2.76 

 ITA JPN MYS MEX NLD TWN POL KOR SGP THA 

Demand Elasticity -0.75 -0.81 -0.71 -0.68 -0.82 -0.64 -0.75 -0.74 -0.61 -0.75 

Supply Elasticity 2.36 2.47 2.95 2.87 2.75 3.23 2.36 2.95 2.95 2.36 

Substitution Elasticity 2.76 2.76 2.76 2.76 2.76 2.76 2.76 2.76 2.76 2.76 

 TUR GBR USA VIE ROW-CPE      

Demand Elasticity -0.75 -0.87 -0.77 -0.71 -0.75      

Supply Elasticity 2.36 2.47 2.94 2.95 2.36      

Substitution Elasticity 2.76 2.76 2.76 2.76 2.76      



 

 

Supplementary Figures 

Supplementary Figure 1: pollutants embodied in global PV product trade (2014 and 

2017) 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure 2: 30-year lifetime power generation potential from traded solar 

cells and modules in 2014 and 2017 

a                                          b

 

c                                          d 

 

Note: “S. Asia” stands for Southeast Asia and other Asian countries 

 

 

 

 

 

 



 

 

Supplementary Figure 3: Local air pollutants emission reduction potential of traded solar cells and modules in 2014 and 2017 (SSG) 

a                               b                         c                              d 

 

Note: S. Asia stands for Southeast Asia and other Asian countries. “Export oriented” means “traded solar cells and modules exported from contributor regions (horizontal axes) to beneficiary 

regions”. “Import oriented” means “traded solar cells and modules imported by beneficiary regions (horizontal axes) from contributor regions”. 

 

 

 

 

 

 

 



 

 

Supplementary Figure 4: Local air pollutants emission reduction potential of traded solar cells and modules in 2014 and 2017 (SST) 

a                               b                         c                              d 

 

Note: S. Asia stands for Southeast Asia and other Asian countries. “Export oriented” means “traded solar cells and modules exported from contributor regions (horizontal axes) to beneficiary 

regions”. “Import oriented” means “traded solar cells and modules imported by beneficiary regions (horizontal axes) from contributor regions”. 

 



 

 

Supplementary Figure 5: Global carbon and pollutant reduction potential from global 

PV utilization in BAU 

a                                   b 
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