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Highlights: 23 

 A three-region input-output model was built to analyze the environment-economy tradeoff 24 

for Beijing-Tianjin-Hebei’s exports; 25 

 BTH bears more pollutant emission ratio than that of economic gains from interprovincial 26 

and international exports; 27 

 Industrial production in Beijing and Tianjin lead to more pollutant emission than value 28 

added in Hebei. 29 

  30 



Abstract: The trade of goods among regions or nations associated with large environmental 31 

consequences. Yet balancing economic gains and environmental consequences induced by 32 

trade is still hindered by a lack of quantification of these two factors, especially for the 33 

environmental problems those are more locally oriented, such as the atmospheric pollution. 34 

Based on an environmental input-output analysis for 2010, we contrast economic gains (value 35 

added) against atmospheric pollutant emissions (sulfur dioxide (SO2), nitric oxide (NOx), 36 

primary fine particulate matter (PM2.5) and non-methane volatile organic compounds 37 

(NMVOC)) and the widely concerned CO2 emissions associated with international and 38 

interprovincial exports from Beijing-Tianjin-Hebei (BTH), the most polluted area in China. 39 

Our results show that exports contributed 55-62% of BTH’s production emissions and 54% of 40 

its total value added. BTH’s large exports of metals and metal products, nonmetal mineral 41 

products, chemical and transportation and warehousing, generated a larger share of pollutant 42 

emissions (36-46% of BTH’s total) than that of value added (17%) along the supply chain. 43 

Most of BTH’s embodied emissions in exports go to neighboring provinces and the developed 44 

east coastal regions in China, although the economic returns are comparatively low. Among 45 

BTH, industrial production in Beijing and Tianjin lead to more pollutant emission than value 46 

added in Hebei, due to reliance on pollution-intensive product imports from Hebei. Our results 47 

call for refocusing and restructuring of BTH’s industry and trade structures to balance the 48 

economic gains and environmental losses for each region. 49 
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1 Introduction 52 

With the increasing concern over atmospheric pollution and associated health impacts [1], 53 

pollution mitigation has become a top priority of the central and local government in China. To 54 

improve air quality, the central government implemented the “Action Plan for Air Pollution 55 

Control” (hereafter referred to as Action Plan) in September 2013[2]. In this plan, China’s most 56 

polluted area, Beijing-Tianjin-Hebei (BTH), was required to reduce its concentration of fine 57 

particulate matter (PM2.5) by 25% in 2017 compared to its 2013 levels (88.3 μg/m3 for Beijing, 58 

112.7 μg/m3 for Tianjin and 112.9 μg/m3 for Hebei [3]). In response, local governments have 59 

released detailed plans for regional mitigation actions, ranging from end-of-pipe control to 60 

closing, restructuring and relocating factories [4]. These place great pressure on BTH and 61 

would bring heavy economic losses due to considerable investment and capacity reduction [5].  62 

 In the past few years, BTH has been one of the most important industrial area in China and 63 

provided abundant industrial products for other regions of China and other countries. For 64 

example, in 2010, BTH accounted for 27% and 8% of China’s total steel and cement production, 65 

respectively [6]; these comprised 17% and 3% of BTH’s total industrial output [7]. However, 66 

these pillar industries also brought heavy atmospheric pollution. In 2013, BTH’s annual 67 

average PM2.5 concentration reached 106 ug/m3 [8]; 52% of this pollution came from the 68 

industrial sectors [9] (44% from industrial production and 8% from power sector), and steel 69 

and cement contributed 40% and 11%to the total primary PM2.5 emissions from industrial 70 

production, respectively, based on the calculation results of the Multi-resolution Emission 71 

Inventory for China (MEIC model: http://www.meicmodel.org).  72 

As the most important driving force for local production, exports and their contribution to 73 



local environmental impacts have been widely studied, including the socioeconomic [10-12] 74 

and ecological impacts [13] as well as greenhouse gas emissions [14-18] and water 75 

consumption [19-21]. Recently, with the increasing concern over the severe atmospheric 76 

pollution in China, exports and associated pollutant emissions have been studied extensively 77 

[22-28]. Zhao et.al estimated that in 2007, exports accounted for 15-23% of China’s PM2.5 and 78 

related precursor emissions [26], and comprised 15% (8.3 μg/m3) of the Chinese population-79 

weighted PM2.5 concentration [25]. Trade adjustment should be a key aspect of China’s actions 80 

towards pollution mitigation.  81 

However, production for exports creates employment opportunities and, hence, income [29]. 82 

For example, in 2013, exports accounted for 24% of China’s total gross output [30]. They have 83 

become an important way to promote economic growth and thus improve living standards, 84 

which are critical components of social development. Given the equal importance of 85 

environmental protection and economic growth to social development and the significant role 86 

of exports in both the environment and economy, policy-makers must give full consideration 87 

to develop, enforce and maintain environmentally friendly trade adjustment policies. Recently, 88 

a few studies focusing on trade-related problems were conducted from a tradeoff perspective 89 

[29,31-33]. For example, Simas et al [29] analyzed international trade and its impact on local 90 

employment creation, as well as energy consumption and greenhouse gases, and they found 91 

that even though the developed countries have been net importers with various negative 92 

impacts on developing regions, simply reducing their import trade volume could lead to more 93 

unemployment in developing regions, especially for the poorer households [11]. Due to the 94 

prominence of Chinese exports, Tang et al [33] analyzed China’s energy consumption and 95 



employment creation induced by international exports. They found that the energy-intensive 96 

exports happen to be in labor-intensive sectors. Hence, when making trade adjustments, policy 97 

makers must pay close attention trade to the relative social and economic impacts. In recent 98 

years, atmospheric pollution mitigation has been a top priority of central and local governments, 99 

export-related strategies attract increasing concern [23,25-27]; however, to our knowledge, 100 

analyses of the trade-off analysis are absent to date. Moreover, pollutant emissions 101 

characteristics vary greatly across regions and sectors due to significant disparities in stage of 102 

development, industrial structure, energy mix and pollution control technology [34-38]. Thus, 103 

quantitative region- and sector-specific analysis on the balance or unbalance between economic 104 

gains and environmental losses due to trade is critical for designing social development 105 

strategies. Further, atmospheric pollution is regionally oriented, an environment-economic 106 

tradeoff analysis for regional exports will be critical for regional trade adjustment, especially 107 

for those heavily polluted regions. 108 

In this study, we quantified BTH’s export-related emissions and economic gains on a sectoral 109 

basis for 2010. Additionally, since great trade flows existed between Beijing, Tianjin and Hebei, 110 

we also analyzed the cross-regional impacts induced by trade between the three provinces. We 111 

examined emissions of carbon dioxide (CO2), PM2.5 and PM precursors (sulfur dioxide (SO2), 112 

nitrogen oxide (NOx), and non-methane volatile organic compounds (NMVOC)). The PM2.5 113 

and its precursors are examined because of their great impact on human health [39-41]. CO2 114 

emissions are also included because they have the same emission sources as atmospheric 115 

pollutant emissions,and various studies have talked about co-benefit of mitigation [37,42-44]; 116 

further the 12th Five-Year Plan has assigned the most ambitious goals to reduce greenhouse 117 



gas intensity in BTH (i.e., 18% for Tianjin, 17% for Beijing and Hebei, and 10-18% for other 118 

provinces)[45]. From an economic aspect, we mainly consider the value added (also known as 119 

gross domestic product) because of its versatility [46].  120 

2 Method and data 121 

2.1 Input-output model 122 

The environmental and socioeconomic impacts of a specific product or service include all 123 

direct and indirect impacts generated along the production chain [47]. The input-output model, 124 

developed by Leontief [48], captures the interconnections among sectors and regions, and has 125 

been widely used to trace various impacts along the production chain of a finished product [49]. 126 

In this study, we extract a three-region input-output table for BTH based on the latest Chinese 127 

multi-regional input-output table for 2010 compiled by Liu et.al [7]. The previous model of 128 

Liu et al. [50] for 2007 has been widely used for various studies [15,19,20,26,51,52]. Here, our 129 

three-region model for BTH includes detailed information for 30 sectors of interprovincial 130 

trade and international export. The model structure is presented in table A1. The monetary flow 131 

balance in each row can be written as: 132 

3 30 3 28

1 1 1 1
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Here, zij
rs indicates cross-regional industrial demand from sector i in province r to sector j in 134 

province s; 
rs

iy indicates finished products of sector i produced in province r and consumed in 135 

province s; rt
ie means exports from sector i in province r to the other 27 provinces in China 136 

and other countries; r
ix  indicates total output of sector i in region r.  137 

According to the input-output model[48], input coefficient from sector i in province r to 138 

produce unit output for sector j in province s can be written as: 139 



/rs srs
ijij ja xz                                     (2)                        140 

Combining eq. 2 with eq. 1 and subsequently eq. 3 gives the following: 141 

          Ax+y+e=x                                    (3) 142 
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Solving for total output, eq. 3 can yield the following: 144 

             x = (I-A)-1(y+e)                                   (4) 145 

where (I-A)-1 is the Leontief inverse matrix, it captures both direct and indirect economic inputs 146 

to satisfy one unit of finished or exported products in monetary value; I is identity matrix with 147 

ones for the diagonal and zeros for the off-diagonal elements. 148 

Then, pollutant emissions (p) and (a) value added induced by exported products can be 149 

calculated as:  150 

       
1ˆp f e(I A)


                                (5) 151 

1
ˆa v e(I A)


                                 (6) 152 

Here f is province- and sector-specific pollutant emission intensity vector and v is value added 153 

coefficient vector in BTH, respectively. f̂ and v̂  represent the diagonalization of f and v. 154 

  Emissions and value added induced by export from BTH to a specific region t can be written 155 

as: 156 

                          
et 1 tf̂p (I A) e


                            (7) 157 
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

                              (8) 158 

Sector-specific results can be obtained by replacing t
e  

in eq. 7 and 8 with t
je , which 159 

denotes column vector that only contains export volume from sector j, with values for all other 160 

sectors zeroed out. Note that our calculation matrix retains regional differences among Beijing, 161 



Tianjin and Hebei. To analyze the other regions’ impact on BTH, we aggregate our results 162 

based on the average results for BTH as we regard BTH as an integral whole. 163 

For the cross provincial impacts between Beijing, Tianjin and Hebei, the calculation 164 

formulae can be written as: 165 

1 rsrs f (I A) yem


                            (9) 166 

1 rsrs v(I A) yva


                           (10) 167 

rs
y indicates province r’s finished products exported to province s, and 

rs
em  and 

rs
va  168 

indicate region r’s emissions and the value added induced by these exports.  169 

2.2 Data for production-based pollutant emissions 170 

We use sector-specific emission inventories for Beijing, Tianjin and Hebei in 2010 from 171 

the publicly available MEIC model. MEIC is a unit/technology-based, bottom-up air pollutant 172 

emission inventory developed by Tsinghua University. It covers 10 pollutants (SO2, NOx, PM2.5, 173 

NH3, CO, BC, OC, VOC, PM10, and PMcoarse) and CO2 for ~700 anthropogenic emission 174 

sources. Detailed inventory methodology is available on the MEIC web 175 

(http://www.meicmodel.org/methodology.html). Further, as the emission data are only 176 

available at the aggregated industrial sector level, we use regional energy balance table [53] 177 

and the sector-specific energy consumption data [54-56] for 2010 to split emissions by specific 178 

energy consumption into 30 sectors, which are defined in the MRIO model. Detailed 179 

information for MEIC and the mapping process from inventory sectors to traditional economic 180 

sectors can be found in our previous studies [22,24]. In addition, pollutant emissions from 181 

direct residential energy use are not included in this study, as we assume that these emissions 182 

are not directly related to economic activities.  183 



The value added of each sector in BTH are generated from the multi-regional input-output 184 

model, as shown in table A1. They consist of fixed asset depreciation, payment for labor and 185 

tax and operating surplus. Here we aggregate these values and do not distinguish the sub items’ 186 

impacts. 187 

3 Results 188 

3.1 Pollutant emissions and economic gains from BTH’s production and exports 189 

Based on the MEIC model, in 2010, industrial production and associated economic 190 

activities (e.g., power generation and transportation) in BTH contributed 1.8 Tg SO2, 2.8 Tg 191 

NOx, 0.8Tg primary PM2.5, 1.5Tg NMVOC and 913.3 Tg CO2 emissions (Figure 1a), 192 

accounting for 7-10% of the national total; the relative value added was 4365 billion yuan, 193 

accounting for a similar contribution ratio (10%) to the national total. This means that the BTH 194 

area achieved the national average for economic-environment efficiency (GDP per unit 195 

emissions) in 2010. However, of the total emissions in BTH, 78% of SO2, 73% of NOx, 80% 196 

of PM2.5, 58% of NMVOC, and 75% of CO2 occurred in Hebei, although Hebei’s value added 197 

only accounted for 48% of BTH’s total (Figure 1a). Therefore, Hebei’s economic-environment 198 

efficiency is far below the regional average level.  199 

Production in BTH supplies three consumption categories: local consumption, 200 

interprovincial export and international export. Figure 1b compares the contributions of these 201 

three categories to BTH’s pollutant emissions and value added. Interprovincial export is the 202 

largest contributor to the total emissions, accounting for 50% of BTH’s total SO2 emissions, 203 

45% of NOx, 52% of PM2.5, 48% of NMVOC and 49% of CO2. Local consumption contributed 204 

40% to the total SO2 emissions, 45% to NOx, 38% to PM2.5, 38% to NMVOC and 41% to CO2. 205 



However, from the economic aspect, local consumption contributed 46% of BTH’s total value 206 

added in 2010, which is higher than that of interprovincial export (42%). International export 207 

contributed 12% of BTH’s value added and 10–14% to BTH’s emissions. These shares are less 208 

than those of national average (17–36%) shown in Lin et.al [23], suggesting that BTH was far 209 

more influenced by domestic demands. As discussed above, exports from BTH generated more 210 

atmospheric pollutants than local consumption did for unit economic returns, therefore, BTH’s 211 

export structure may not be optimal in terms of the economy environment balance. 212 

3.2 Pollutant emissions versus economic gains generated by sector-specific exports from 213 

BTH 214 

   Table 1 shows sectoral composition of international and interprovincial exports from BTH, 215 

and embodied value added and pollutant emissions per 1000 yuan of exports for each sector 216 

(sector aggregation is shown in table A2). In 2010, metal and metal products, equipment 217 

manufacturing and the service sectors dominated BTH’s exports, which together accounted for 218 

64% of BTH’s total export volume. However, because of the great differences in production 219 

process, energy use, and material input, sectoral contributions to BTH’s value added and 220 

pollutant emissions per unit of exports vary significantly.  221 

From the economic aspect, the wholesale, retail, catering and accommodation and other 222 

service sectors captured relatively higher value added per unit of exports (786 and 723 yuan 223 

per 1000 yuan exports) because they rely highly on technology or service innovations, while 224 

manufacturing industries captured much less value added per unit of exports (507-606 yuan 225 

per 1000 yuan of exports) due to intensive interaction and material exchanges with other sectors 226 

or other regions [57]. For example, although equipment manufactures were often regarded as 227 



“high-technology”, they only obtained 507 yuan per 1000 yuan of exports. Similarly, the data 228 

for metal and metal products is 569 yuan per 1000 yuan of exports. It is notable that the 229 

agriculture and mining sectors have shown higher value added coefficients (808 and 821 yuan 230 

per 1000 yuan of exports, respectively), which are not because advanced technologies were 231 

involved in these sectors but because they are labor intensive and relied relatively little on 232 

intermediate input. 233 

In contrast to the economic returns, the pollutant emissions triggered by exports are mainly 234 

from primary manufacturing (column 4-8 in Table 1). As the major export sectors of BTH, 235 

chemicals, metals and metal products contributed the highest SO2 and NOx emissions per unit 236 

of exports. In addition, because of the high NMVOC emissions involved in the production of 237 

chemical products, such as polystyrene, tyres and paints [58], their exports also triggered the 238 

highest NMVOC emissions per unit of exports (1.08 kg NMVOC per 1000 yuan exports). 239 

Nonmetal mineral products have the highest primary PM2.5 emissions level per unit exports 240 

(0.77 kg per 1000 yuan exports) owing to their high process emissions, such as those from the 241 

calcination and grinding involved in cement production. For the “high-technology” equipment 242 

manufacturing and other manufacturing, pollutant emissions for unit exports are rather small, 243 

just over half of BTH’s average. As expected, wholesale, retail, catering and accommodation 244 

and other service sectors have relatively low emissions per unit exports.  245 

Figure 2 illustrates the sectoral contributions to BTH’s total value added from supply chain 246 

perspective and the associated emissions per unit of value added. In 2010, exports contributed 247 

2343 billion yuan (54%) to BTH’s total value added. Of this, 30% (711 billion yuan) was from 248 

less pollution-intensive service sectors (7.8% from the wholesale, retail, catering and 249 



accommodation and 22.5% from the other service sectors), 16% was from the high pollution-250 

intensive metals and metal products, and another 16% was from the equipment manufacturing. 251 

However, from the emission perspective, metal and metal products contributed 33-49% to 252 

BTH’s exported SO2, NOx, primary PM2.5 and CO2 emissions; service sectors and equipment 253 

manufacturing only contributed 7-10% and 10-12% to the total exported emissions. Therefore, 254 

BTH’s production of metal and metal products for export at the expense of the environment 255 

may not be desirable. In addition, exports of the chemicals and nonmetal mineral products are 256 

also pollution-prone, as their pollutant emissions per unit value added are 1.2-4.9 times and 257 

1.8-6.1 times the average intensity across all sectors, respectively. Moreover, as important 258 

sectors in trade, transportation and warehousing contributed 17% and 11% of BTH’s export-259 

related NOx and NMVOC emissions, and the pollutant emissions per value added were 2.6 and 260 

1.6 times the sectoral average, respectively, owing to the high emission factors of diesel 261 

transportation vehicles [24].  262 

3.3 Exports related pollutant emissions and value added driven by region 263 

   Taking SO2 as an example, figure 3 demonstrates the impacts of individual region on BTH’s 264 

pollutant emissions and economy by importing products from BTH. Figure 3 also presents the 265 

sectoral composition for selected regions. Data for other pollutants can be found in table S1, 266 

and abbreviation for the regions are provided in table A3.  267 

  Geographically, most of BTH’s emissions and value added embodied in exports go to 268 

southern developed provinces and BTH’s neighboring regions. The most developed regions, 269 

such as Jiangsu, Zhejiang and Shanghai (the so called Yangtze River Delta, YRD), outsourced 270 

136, 115 and 64 Gg of SO2 to BTH through trade in 2010, respectively, together accounting for 271 



17.2% of BTH’s total SO2 emissions; however, their value added contribution was only 14.1%. 272 

The difference between economic and emission contribution ratios is partly due to large share 273 

of pollution-intensive metal and metal products, which contributed 49% of emissions and 26% 274 

of value added related to those exported from BTH to YRD. A driver of the high ratio from this 275 

sector may be the 2010 World Exposition (EXPO), which was held in Shanghai, and a large 276 

amount of building materials were needed to supply the demand for constructing buildings and 277 

infrastructure around YRD. In addition, Guangdong, a highly developed southern province 278 

characterized by clothing manufacturing, contributed 46 Gg (2.5% of BTH’s total) to BTH’s 279 

SO2 emissions. In addition to metals and metal products, Guangdong also imported many 280 

textile and clothing products to support its clothing industry. Furthermore, as the national 281 

capital region, BTH also provided several types of services, such as education, financial 282 

services and public management to Guangdong. These contributed to 26% of the total exports 283 

to Guangdong. Consequently, Guangdong’s imports contributed similar shares to BTH’s total 284 

value added (2.5%) and emissions (2.5%). 285 

  Compared with developed regions, neighbors of BTH contributed relatively less to BTH 286 

pollutant emissions because they have abundant resources to meet their own needs, and they 287 

mainly serve as net exporters in trade [26]. Henan, Shandong, Shanxi, Shannxi, Inner Mongolia, 288 

Liaoning and Jilin in total outsourced 347 Gg (19% of the total) SO2 emissions to BTH through 289 

trade, which was similar to the sum from YRD and Guangdong (361 Gg, 20%); however, their 290 

contribution to BTH’s value added was only 571 billion yuan (13.1% of the total), which is less 291 

than the sum of YRD and Guangdong (723 billion yuan, 16.6%). The low economic-292 

environment efficiency for trade with these regions is mainly due to the high percentage of 293 



imports of nonmetal mineral products, as well as metal and metal products and chemical 294 

products imports. Note that for BTH, the ratio of pollutant emissions to value added for 295 

nonmetal mineral products (13 kg/ 1000 yuan) is 4 times the average level of all other sectors, 296 

and is even greater than that for metal and metal products (12 kg/ 1000 yuan).  297 

   For the surrounding regions of BTH, their import structures from BTH vary markedly due 298 

to a combination of the difference in the regional stage of development and product attributes. 299 

For example, in addition to metal and metal products, Shaanxi, Shanxi and Inner Mongolia also 300 

imported large quantities of nonmetal mineral products to support their infrastructure 301 

investment. The latter contributed 14% to their total imported SO2 emissions from BTH but 302 

only accounted for 6% of the relative value added. Furthermore, nonmetal mineral products 303 

mainly consist of cement, brick and lime-stone, and their prices per unit of mass are relatively 304 

low; therefore, they would not be transported too far due to the high transportation fees. In 305 

Shandong and Henan, increasing construction and advanced manufacturing, coupled with the 306 

lack of locally manufactured steel, have forced them to import large amounts of metal and 307 

metal products to support their industrialization and construction. In 2010, metal and metal 308 

products accounted for 22% of their import volume from BTH, which contributed 47% to their 309 

total imported SO2 emissions and 21% of the relative value added.  310 

3.4 Impacts of trade within BTH 311 

Due to close economic linkage between Beijing, Tianjin and Hebei, production or 312 

consumption in one region can also trigger a wide range of production activities in the other 313 

two regions and thus cause pollutant emissions as well as economic benefits there[38]. Figure 314 

4 shows the consumption and export-related pollutant emissions and value added occurring in 315 



each region within BTH. 316 

In 2010, Beijing’s consumption triggered 126 Gg SO2, 258Gg NOx,77Gg PM2.5, 186Gg 317 

NMVOC and 85 Tg CO2 emissions in BTH, accounting for 7%-12% of the total emissions 318 

occurring in BTH; furthermore, because Beijing relies on large product imports from Hebei, 319 

18-44% of these emissions occurred in Hebei and another 2-4% occurred in Tianjin. Meanwhile, 320 

Beijing’s production for exports brought about 4-13% of the total emissions in BTH, and Hebei 321 

contributed 8-30% to these emissions. From an economic perspective, Beijing’s consumption 322 

and production for exports generated 762 and 693 billion yuan, respectively, but Hebei only 323 

obtained 54 and 26 billion yuan (7% and 4% of the total relative value added), respectively, by 324 

supplying products to Beijing. That is to say, under the current production structure, generating 325 

1 billion yuan in Beijing would result in 0.9Gg SO2, 2.3 Gg NOx, 0.5 Gg PM2.5, 2.5Gg NMVOC 326 

and 0.7 Tg CO2 emissions in Beijing, and it also produces 0.2-0.8 times these emissions in 327 

Hebei but only generates 0.06 billion yuan for Hebei. Compared to Beijing, Tianjin relies 328 

relatively less on Hebei because of its convenient water traffic to import from other regions, 329 

thus its impact on Hebei is relatively small. In 2010, to support Tianjin’s consumption and 330 

production for exports, Hebei emitted 54 Gg SO2, 99 Gg NOx, 28 Gg PM2.5, 41Gg NMVOC 331 

and 28 Tg CO2, accounting for 13-29% of Tianjin’s production emissions; this generated 71 332 

billion yuan for Hebei, only accounting for 8% of Tianjin’s GDP that year. Therefore, to support 333 

Beijing and Tianjin’s economic activities, Hebei is bearing unbalanced pollutant emissions and 334 

economic gains. 335 

As the hinterland of Beijing and Tianjin, Hebei acts as a supplier and relies less on supply 336 

from Beijing and Tianjin. In 2010, Hebei’s consumption and exports contributed 22-27% and 337 



34-48% of the total emissions occurring in BTH, and 97-99% of these emissions were produced 338 

by Hebei itself.  339 

4 Discussions 340 

  In 2010, production for international and interprovincial exports accounted for 55-62% of 341 

BTH’s production emissions but comprised 54% of BTH’s total gross domestic output. Among 342 

its exports, the three most pollution-intensive sectors (metals and metal products, nonmetal 343 

mineral products and chemicals) accounted for 49-69% of BTH’s export-related pollutant 344 

emissions but only contributed 25% to the associated added value. To reduce these unbalanced 345 

environmental losses, BTH should focus on reducing these sectors’ export volume through 346 

industrial upgrading, as well as cleaning the production chains of these sectors.  347 

To clean up its production structure, BTH must begin with cleaning its energy  348 

consumption structure[59]. In 2010, BTH’s coal consumption accounted for 78% of its total 349 

energy consumption (90% for Hebei), which is far more than the national average (69%)[6]. 350 

Consequently, coal consumption is responsible for 78% of BTH’s total SO2 emissions, 53% of 351 

NOx emissions, and 50% of CO2 emissions (based on data calculation from the MEIC model). 352 

Therefore, BTH, especially Hebei, are in urgent need of developing clean energy in addition to 353 

the end-of-pipe control technologies. On the one hand, they can clean their energy system by 354 

accelerating the process of coal-to-gas and coal-to-electricity projects. These would reduce the 355 

dispersed coal combustions, whose pollutant emissions are hard to regulate. On the other hand, 356 

they should strengthen renewable energy development, such as wind and solar energy, which 357 

are abundant in northern China [60]. For example, in 2013, BTH’s wind power generation 358 

accounted for 4% of total electricity generation in BTH [61], higher than national average share 359 



(2.5%) but far less than that of the European Union (EU, 8%)[62]. In 2013, the price of wind 360 

energy for new contracts signed in the United States (US) reached 2.5¢/kWh, less than that of 361 

fossil-fuel energy (5¢/kWh for nature gases); and it is estimated that wind energy in the US 362 

will account for 20% of its electricity by 2030[63]. Thus, even though wind energy costs more 363 

in China presently (8.6¢/kWh)[64], cost reduction and mass production would be feasible in 364 

the near future. In addition, with the fast development of wind or solar energy, construction of 365 

auxiliary infrastructure is equally important [65,66]. In 2013, the ratio of wind curtailment in 366 

BTH reached ~18% in 2013 (author’s calculation)[61,62], thus BTH should also strengthen its 367 

construction of power grid transmission lines, simultaneously . 368 

 In recent years, China’s deteriorating air quality and weakening domestic demands have 369 

placed great pressure on its heavy industry areas like BTH. In response to the Action Plan, 370 

Hebei, the most important steel industrial base in China, committed to reducing 60 million tons 371 

of steel production capacity by 2017, accounting for 10% of Hebei’s total steel production in 372 

2014. However, in 2015, the central government implemented the “One Belt, One Road” 373 

program, which intended to reenergize central Asia’s economy. It will require a significant 374 

amount of infrastructure construction, thus providing new opportunities for heavy industry in 375 

China. Hence Hebei will undoubtedly play an important role in this program. This provides it 376 

with great challenges as well as opportunities to simultaneously balance its economic 377 

development and curbing atmospheric pollution. Thus, in addition to eliminating superfluous 378 

production capacity and these with backward techniques, Hebei also needs to improve 379 

production efficiency, such as promoting the increase of electric arc furnaces in its steel 380 

industries, which are considered more energy efficient [67]. Furthermore, to gain more 381 



economic returns, Hebei should extend its production chain to promote industrial upgrading. It 382 

can introduce more steel-related high-tech industries, such as high-speed rail and subway 383 

manufactory. 384 

 Within BTH, due to Beijing and Tianjin’s great imports from Hebei, promoting industrial 385 

development in Beijing and Tianjin lead to higher pollutant emissions in Hebei province. 386 

Further, increasing emissions in Hebei would also lead to higher pollution concentration in 387 

Beijing and Tianjin to some extent, due atmospheric transport of pollutants across provincial 388 

borders [9]. Thus, to promote the joint control of atmospheric pollution in BTH, local 389 

governments should cooperate to facilitate BTH’s industrial upgrading as a whole. Recently, 390 

to improve the atmospheric environment in Beijing and Tianjin, a large number of heavy 391 

industry enterprises were transferred to Hebei, which also transferred emissions there. Hence, 392 

Beijing and Tianjin are directly and indirectly responsible for environmental deterioration in 393 

Hebei. Thus Beijing and Tianjin should help Hebei avoid more pollution by transferring high 394 

technologies and providing financial aid or subsidies to Hebei. Simultaneously, Hebei should 395 

set stricter emission standards for new entering companies; it can also improve its production 396 

technology by merging the advanced technology from new entering companies through 397 

initiative and mandated cooperation.  398 

5. Conclusion 399 

With increasing concern over atmospheric pollution, climate change and associated health 400 

impacts, the trade-off between environment and the economy for industrial production become 401 

a key issue in development strategy of BTH region. This paper is the first attempt to quantify 402 

BTH’s export-related emissions of atmospheric pollutants (SO2, NOx, primary PM2.5 and 403 



NMVOC) and CO2 versus the economic gains from a supply chain perspective by conducting 404 

an input-output analysis. Our results shown that, due to the dominance of heavy industry in it 405 

economic structure, BTH bears more pollutant emission ratio than that of economic gains from 406 

product exports. Among regions within BTH, as with different economic roles and 407 

development stages, promoting industrial production in Beijing and Tianjin are to some extent 408 

lead to increasing pollutant emissions in Hebei. The results of this work would help policy 409 

makers better to understand the environmental and economic trade-off from exports, and 410 

provide reasonable technical supports for mitigating regional air pollution through industrial 411 

upgrading and export adjustment. Moreover, our evaluation process can also be used in other 412 

regions experiencing similar problems. 413 
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Appendix 425 

Table A1. Three region input-output table for BTH 426 

 Beijing Tianjin Hebei Final demand Interprovincial export International 

exports 

Total 

outputs 

Beijing Tianjin Hebei Shanxi … Xinjiang 

Beijing  

Z 

 

         Y 

 

Ex 

 

x Tianjin 

Hebei 

Value 

added 

v  

Total 

outputs 

x’ 
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 428 

Table A2. Sector classifications 429 

Sector ID Aggregated sectors Sector ID MRIO sectors 

1 Agriculture 1 Agriculture 

 

2 

 

Mining 

2 Coal mining and processing 

3 Crude petroleum and natural gas products 

4 Metal ore mining 

5 Non-ferrous mineral mining 

3 Food products 6 Manufacture of food products and tobacco 

processing 

 

4 

 

Textile and clothing 

7 Textile goods 

8 Apparel, leather, furs, down and related 

products 

5 Wood, furniture, paper and 

printing 

9 Sawmills and furniture 

10 Paper and products, printing and record 

medium reproduction 

6 Chemicals 11 Petroleum processing and coking 

12 Chemicals 

7 Nonmetal mineral products 13 Nonmetal mineral products 

 

8 

 

Metals and metal products 

14 Metals smelting and pressing 

15 Metal products 

16 Machinery and equipment 

 

9 

 

Equipment manufactures 

17 Transport equipment 

18 Electric equipment and machinery 

19 Electronic and telecommunication 

equipment 

 

10 

 

Other manufactures 

20 Instruments, meters, cultural and office 

machinery 

21 Handicrafts and other manufacturing 

11 Electricity, heat, gas and 

water supply 

22 Electricity, steam and hot water production 

and supply 

23 Gas and water production and supply 

12 Construction 24 Construction 

13 Transport and warehousing 25 Transport and warehousing, post and 

telecommunication 

14 Wholesale, retail, catering 

and accommodation 

26 Wholesale and retail trade 

27 Accommodation and restaurants 

 

15 

 

Other service sectors 

28 Tenancy and business services 

29 Research and development 

30 Other sectors 

 430 



Table A3. Provincial abbreviations 431 

Name Abb. Name Abb. Name Abb. 

Beijing BJ Zhejiang ZJ Hainan HI 

Tianjin TJ Anhui AH Chongqing CQ 

Hebei HB Fujian FJ Sichuan SC 

Shanxi SX Jiangxi JX Guizhou GZ 

Inner Mongolia IM Shandong SD Yunnan YN 

Liaoning LN Henan HN Shaanxi SA 

Jilin JL Hubei HU Gansu GS 

Heilongjiang HL Hunan HA Qinghai QH 

Shanghai SH Guangdong GD Ningxia  NX 

Jiangsu JS Guangxi GX Xinjiang XJ 

  432 



Table 1 Export structure of BTH and domestic value added and emissions generated per 103 yuan exports by sector 433 

Sectors 

Export volume composition 

(billion yuan, %) 

 Value added and pollutant emissions generated per 103 yuan of 

exports for each sector (Yuan/103 Yuan,  kg/103 Yuan, Mg/103 Yuan 

for CO2) 

International Interprovincial Value added SO2 NOx PM2.5 NMVOC CO2 

1.  Agriculture 0.6 (0.6) 17.4 (6.1)  808  0.15  0.28  0.05  0.23  0.57  

2.  Mining 1.2 (1.4) 16.7 (5.8)  821  0.15  0.23  0.05  0.22  0.74  

3.  Food products 1.3 (1.5) 11.5 (4.0)  606  0.29  0.30  0.06  0.19  0.83  

4.  Textile and clothing 4.0 (4.6) 6.7 (2.4)  592  0.28  0.31  0.05  0.24  0.86  

5.  Wood, furniture, paper and printing 1.4 (1.7) 4.6 (1.6)  565  0.54  0.44  0.08  0.49  1.31  

6.  Chemicals 8.1 (9.5) 23.6 (8.2)  541  0.48  0.44  0.16  1.08  1.43  

7.  Nonmetal mineral products 1.4 (1.6) 5.1 (1.8)  591  0.79  1.46  0.77  0.43  6.42  

8.  Metals and metal products 8.5 (9.9) 59.3 (20.7)  569  0.68  0.74  0.36  0.17  3.59  

9.  Equipment manufactures 27.2 (31.7) 47.6 (16.6)  507  0.17  0.23  0.07  0.14  0.83  

10. Other manufactures 2.6 (3.0) 1.9 (0.7)  548  0.12  0.17  0.04  0.08  0.57  

11. Electricity, heat, gas and water supply 0 (0) 0.2 (0.1)  614  1.46  2.55  0.26  0.14  7.50  

12. Construction 1.4 (1.6) 0.8 (0.3)  569  0.26  0.47  0.16  0.26  1.62  

13. Transport and warehousing 5.1 (5.9) 17.5 (6.1)  672  0.22  1.13  0.13  0.45  1.78  

14.Wholesale, retail, catering and accommodation 9.0 (10.5) 14.2 (5.0)  786  0.09  0.14  0.04  0.08  0.43  

15. Other service sectors 14.1(16.4) 59.0 (20.6)  723  0.09  0.14  0.04  0.11  0.47  

16. Average    630 0.30 0.41 0.13 0.26 1.44  

 434 



 

Fig. 1 (a) Regional contributions to BTH’s pollutant emissions and value added; (b) the 

contribution of consumption categories to BTH’s production-based emissions and value added   



  

  

 

Fig. 2 Emission intensities (g of pollutant/value added) of BTH’s exports by sector from the 

supply chain perspective. The Y-axis represents the emission intensity of units value added 

created by exports from each sector. The X-axis represents the accumulative export-related 

value added contributions by sector. 

  



 

Fig. 3 BTH’s pollutant emissions and value added generated by interprovincial exports and the 

sectoral composition. The shading in each region indicates the related emissions outsourced to 

BTH; the thickness of the black arrow indicates associated value added embodied in exports. 

  



 

 

Fig 4. BTH’s pollutant emissions and value added generated by consumption and exports of 

each region, and where the production occurred.  

 

  



References 

[1]  Yang G, Wang Y, Zeng Y, Gao GF, Liang X, Zhou M, Wan X, Yu S, Jiang Y, Naghavi M, 

Vos T, Wang H, Lopez AD, Murray CJ. Rapid health transition in China, 1990-2010: 

findings from the Global Burden of Disease Study 2010. Lancet 2013; 381 (9882): 1987-

2015. Doi: 10.1016/s0140-6736(13)61097-1. 

[2]  State Council of the People's Republic of China. Action Plan for Air Pollution Control. 

2013. <http://www.gov.cn/zwgk/2013-09/12/content_2486773.htm>. 

[3]  He K, Zhang Q, Hong C. Can Beijing, Tianjin and Hebei achieve theirPM2.5 Targets by 

2017? Assessment of the potential for air quality improvements in the Beijing-Tianjin-

Hebei region under China's new air pollution action plan, 2014. 

<http://www.cleanairchina.org/file/loadFile/66.html>. 

[4]  Ministry of Environmental Protection of the People’s Republic of China. Beijing-tianjin-

hebei and surrounding areas to carry out the action plan implementation rules for the 

control of air pollution. 2013. < 

http://www.zhb.gov.cn/gkml/hbb/bwj/201309/t20130918_260414.htm>. 

[5]  Dong Z, Hao C, Li H, Yan X, Wang H, Qing Y, Tian C, Yuan Z, Gao J, Liu X. Investment 

and financing demand for the implication of Action Plan for Air Pollution Control (2013-

2017) and its influence, 2015.< http://www.cleanairchina.org/file/loadFile/110.html>. 

[6]  National Bureau of Statistic of China. China statistical yearbook, Beijing: China Statistic 

Press, 2014. 

[7]  Liu W, Tang Z, Chen J, Yang B. Multi-regional Input-output model for 30 provinces of 

China in 2010, Beijing: China Statistics Press, 2014. 

[8]  The concentration of PM2.5 and PM10 in Beijing-tianjin-hebei region in 2013  exceeds 

bid. <http://news.xinhuanet.com/politics/2014-03/25/c_119934370.htm>. 

[9]  Li X, Zhang Q, Zhang Y, Zheng B, Wang K, Chen Y, Wallington TJ, Han W, Shen W, 

Zhang X, He K. Source contributions of urban PM2.5 in the Beijing–Tianjin–Hebei region: 

Changes between 2006 and 2013 and relative impacts of emissions and meteorology. 

Atmospheric Environment 2015; 123, Part A: 229-239. Doi: 

http://dx.doi.org/10.1016/j.atmosenv.2015.10.048. 

[10] Pei J, Oosterhaven J, Dietzenbacher E. How much do export contributed to China’s income 

growth? Economic Systems Research 2012; 24 (3): 275-297. 

Doi:10.1080/09535314.2012.660746. 

[11]  Simas M, Golsteijn L, Huijbregts M, Wood R, Hertwich E. The “Bad Labor” Footprint: 

Quantifying the Social Impacts of Globalization. Sustainability 2014; 6 (11): 7514-

7540.Doi: doi:10.3390/su6117514. 

[12] Alsamawi A, Murray J, Lenzen M. The Employment Footprints of Nations. Journal of 

Industrial Ecology 2014; 18 (1): 59-70. Doi:10.1111/jiec.12104. 

http://www.cleanairchina.org/file/loadFile/66.html


 

[13] Lenzen M, Moran D, Kanemoto K, Foran B, Lobefaro L, Geschke A. International trade 

drives biodiversity threats in developing nations. Nature 2012; 486 (7401): 109-112. 

[14] Davis SJ, Caldeira K. Consumption-based accounting of CO2 emissions. Proceedings of 

the National Academy of Sciences 2010; 107 (12): 5687-5692. 

Doi:10.1073/pnas.0906974107. 

[15] Feng K, Davis SJ, Sun L, Li X, Guan D, Liu W, Liu Z, Hubacek K. Outsourcing CO2 

within China. Proceedings of the National Academy of Sciences 2013; 110 (28): 11654-

11659. Doi:10.1073/pnas.1219918110. 

[16] Su B, Ang BW. Input–output analysis of CO2 emissions embodied in trade: A multi-region 

model for China. Applied Energy 2014; 114: 377-384. Doi: 

10.1016/j.apenergy.2013.09.036. 

[17] Michieka NM, Fletcher J, Burnett W. An empirical analysis of the role of China’s exports 

on CO2 emissions. Applied Energy 2013; 104: 258-267. Doi: 

10.1016/j.apenergy.2012.10.044. 

[18] Brizga J, Feng K, Hubacek K. Household carbon footprints in the Baltic States: A global 

multi-regional input–output analysis from 1995 to 2011. Applied Energy. Doi: 

10.1016/j.apenergy.2016.01.102. (In Press) 

[19] Feng K, Hubacek K, Pfister S, Yu Y, Sun L. Virtual Scarce Water in China. Environmental 

Science & Technology 2014; 48 (14): 7704-7713. Doi:10.1021/es500502q. 

[20] Zhao X, Liu J, Liu Q, Tillotson MR, Guan D, Hubacek K. Physical and virtual water 

transfers for regional water stress alleviation in China. Proceedings of the National 

Academy of Sciences 2015; 112 (4): 1031-1035. Doi:10.1073/pnas.1404130112. 

[21] Guan D, Hubacek K, Tillotson M, Zhao H, Liu W, Liu Z, Liang S. Lifting China’s Water 

Spell. Environmental Science & Technology 2014; 48 (19): 11048-11056. 

Doi:10.1021/es501379n. 

[22] Guan DB, Su X, Zhang Q, Peters GP, Liu Z, Lei Y, He KB. The socioeconomic drivers of 

China's primary PM2.5 emissions. Environmental Research Letters 2014; 9 (2): 024010. 

Doi:10.1088/1748-9326/9/2/024010. 

[23] Lin J, Pan D, Davis SJ, Zhang Q, He K, Wang C, Streets DG, Wuebbles DJ, Guan D. 

China’s international trade and air pollution in the United States. Proceedings of the 

National Academy of Sciences 2014; 111 (5): 1736-1741. 

[24] Huo H, Zhang Q, Guan D, Su X, Zhao H, He K. Examining Air Pollution in China Using 

Production- And Consumption-Based Emissions Accounting Approaches. Environmental 

Science & Technology 2014; 48 (24): 14139-14147. Doi:10.1021/es503959t. 

[25] Jiang X, Zhang Q, Zhao H, Geng G, Peng L, Guan D, Kan H, Huo H, Lin J, Brauer M, 

Martin RV, He K. Revealing the Hidden Health Costs Embodied in Chinese Exports. 

Environmental Science & Technology 2015; 49 (7): 4381-4388. Doi:10.1021/es506121s. 



[26] Zhao HY, Zhang Q, Guan DB, Davis SJ, Liu Z, Huo H, Lin JT, Liu WD, He KB. 

Assessment of China's virtual air pollution transport embodied in trade by using a 

consumption-based emission inventory. Atmos. Chem. Phys. 2015; 15 (10): 5443-5456. 

Doi:10.5194/acp-15-5443-2015. 

[27] Meng J, Liu J, Guo S, Huang Y, Tao S. The impact of domestic and foreign trade on energy-

related PM emissions in Beijing. Applied Energy. Doi: 10.1016/j.apenergy.2015.09.082. 

(In Press) 

[28] Liu Q, Wang Q. Reexamine SO2 emissions embodied in China's exports using 

multiregional input–output analysis. Ecological Economics 2015; 113: 39-50. Doi: 

10.1016/j.ecolecon.2015.02.026. 

[29] Simas M, Wood R, Hertwich E. Labor Embodied in Trade. Journal of Industrial Ecology 

2015; 19 (3): 343-356. Doi:10.1111/jiec.12187. 

[30] National Bureau of Statistic of China. National economic and social development 

statistical bulletin for 2013, 2014. 

[31] Prell C. Wealth and pollution inequalities of global trade: A network and input-output 

approach. The Social Science Journal 2016. 53(1):111-121, Doi: 

10.1016/j.soscij.2015.08.003. 

[32] Prell C, Feng K, Sun L, Geores M, Hubacek K. The economic gains and environmental 

losses of US consumption: A world-systems and input-output approach. Social Forces 

2014; 93 (1): 405-428. 

[33] Tang X, McLellan BC, Zhang B, Snowden S, Höök M. Trade-off analysis between 

embodied energy exports and employment creation in China. Journal of Cleaner 

Production. Doi:http: 10.1016/j.jclepro.2015.08.122. (In Press) 

[34] Hao H, Geng Y, Hang W. GHG emissions from primary aluminum production in China: 

Regional disparity and policy implications. Applied Energy 2016; 166: 264-272. Doi: 

10.1016/j.apenergy.2015.05.056. 

[35] Tian X, Chang M, Lin C, Tanikawa H. China’s carbon footprint: A regional perspective on 

the effect of transitions in consumption and production patterns. Applied Energy 2014; 

123: 19-28. Doi: 10.1016/j.apenergy.2014.02.016. 

[36] Liu Y, Zhou Y, Wu W. Assessing the impact of population, income and technology on 

energy consumption and industrial pollutant emissions in China. Applied Energy 2015; 

155: 904-917. Doi: 10.1016/j.apenergy.2015.06.051. 

[37] Dong H, Dai H, Dong L, Fujita T, Geng Y, Klimont Z, Inoue T, Bunya S, Fujii M, Masui 

T. Pursuing air pollutant co-benefits of CO2 mitigation in China: A provincial leveled 

analysis. Applied Energy 2015; 144: 165-174. Doi: 10.1016/j.apenergy.2015.02.020. 

[38] Liu G, Yang Z, Chen B, Zhang Y, Su M, Ulgiati S. Prevention and control policy analysis 

for energy-related regional pollution management in China. Applied Energy 2016; 166: 

292-300. Doi: 10.1016/j.apenergy.2015.06.032. 



[39] Chen R, Huang W, Wong CM, Wang Z, Thach TQ, Chen B, Kan H. Short-term exposure 

to sulfur dioxide and daily mortality in 17 Chinese cities: the China air pollution and health 

effects study (CAPES). Environmental research 2012; 118: 101-106. Doi: 

10.1016/j.envres.2012.07.003. 

[40] Chen R, Samoli E, Wong CM, Huang W, Wang Z, Chen B, Kan H. Associations between 

short-term exposure to nitrogen dioxide and mortality in 17 Chinese cities: the China Air 

Pollution and Health Effects Study (CAPES). Environment international 2012; 45: 32-38. 

Doi:10.1016/j.envint.2012.04.008. 

[41] Ma Y, Chen R, Pan G, Xu X, Song W, Chen B, Kan H. Fine particulate air pollution and 

daily mortality in Shenyang, China. The Science of the total environment 2011; 409 (13): 

2473-2477. Doi:10.1016/j.scitotenv.2011.03.017. 

[42] Jiang P, Chen Y, Geng Y, Dong W, Xue B, Xu B, Li W. Analysis of the co-benefits of 

climate change mitigation and air pollution reduction in China. Journal of Cleaner 

Production 2013; 58: 130-137. http://dx.doi.org/10.1016/j.jclepro.2013.07.042. 

[43]  Zhang S, Worrell E, Crijns-Graus W. Evaluating co-benefits of energy efficiency and air 

pollution abatement in China’s cement industry. Applied Energy 2015; 147: 192-213. 

Doi:10.1016/j.apenergy.2015.02.081. 

[44]  Ma D, Chen W, Yin X, Wang L. Quantifying the co-benefits of decarbonisation in 

China’s steel sector: An integrated assessment approach. Applied Energy 2016; 162: 1225-

1237. Doi:10.1016/j.apenergy.2015.08.005. 

[45] State Council of the People's Republic of China. Twelfth Five-year Greenhouse Gas 

Emission Control Program. 2011. <http://www.gov.cn/zwgk/2012-

01/13/content_2043645.htm>. 

[46] Dietzenbacher E, Lahr ML. Expanding Extractions. Economic Systems Research 2013; 25 

(3): 341-360. Doi:10.1080/09535314.2013.774266. 

[47] Miller RE, Blair PD. Input-Output Analysis: Foundations and Extensions, United 

Kingdom: Cambridge University Press, 2009. 

[48] Leontief W. Environmental Repercussions and the Economic Structure: An Input-Output 

Approach. The Review of Economics and Statistics 1970; 52 (3): 262-271. Doi: 

10.2307/1926294. 

[49] Wiedmann T. A review of recent multi-region input–output models used for consumption-

based emission and resource accounting. Ecological Economics 2009; 69 (2): 211-222. 

Doi: http://dx.doi.org/10.1016/j.ecolecon.2009.08.026. 

[50]  Liu W, Chen J, Tang Z, Liu H, Han D, Li F. Prepared Theory and Practice multi-regional 

input-output tables for 30 region in China in 2007, Beijing: China Statistics Press, 2012. 

[51] Liang S, Zhang C, Wang Y, Xu M, Liu W. Virtual Atmospheric Mercury Emission Network 

in China. Environmental Science & Technology 2014; 48 (5): 2807-2815. Doi: 

10.1021/es500310t. 

http://www.gov.cn/zwgk/2012-01/13/content_2043645.htm
http://www.gov.cn/zwgk/2012-01/13/content_2043645.htm


[52] Liu Z, Davis SJ, Feng K, Hubacek K, Liang S, Anadon LD, Chen B, Liu J, Yan J, Guan D. 

Targeted opportunities to address the climate-trade dilemma in China. Nature Clim. 

Change 2015; 2016; 6 (2): 201-206. Doi:10.1038/nclimate2800. 

[53] National Bureau of Statistics. China Energy Statistical Yearbook, Beijing: China Statistics 

Press, 2011. 

[54] Beijing Municipal Bureau Statistics. Beijing Statistical Yearbook, Beijing: China Statistics 

Press, 2011. 

[55] Tianjin municipal bureau of statistics. Tianjin Statistical Yearbook, Beijing: China 

Statistics Press, 2011. 

[56] Hebei municipal bureau of statistics. Hebei Economic Yearbook. in, Beijing: China 

Statistics Press; 2011. 

[57]  Chen X, Cheng LK, Fung KC, Lau LJ, Sung Y-W, Zhu K, Yang C, Pei J, Duan Y. 

Domestic value added and employment generated by Chinese exports: A quantitative 

estimation. China Economic Review 2012; 23 (4): 850-864. 

http://dx.doi.org/10.1016/j.chieco.2012.04.003. 

[58] Li M, Zhang Q, Streets DG, He KB, Cheng YF, Emmons LK, Huo H, Kang SC, Lu Z, 

Shao M, Su H, Yu X, Zhang Y. Mapping Asian anthropogenic emissions of non-methane 

volatile organic compounds to multiple chemical mechanisms. Atmos. Chem. Phys. 2014; 

14 (11): 5617-5638. Doi:10.5194/acp-14-5617-2014. 

[59] Wiebe KS. The impact of renewable energy diffusion on European consumption-based 

emissions. Economic Systems Research 2016; 1-18. 

Doi:10.1080/09535314.2015.1113936. 

[60] McElroy MB, Lu X, Nielsen CP, Wang Y. Potential for Wind-Generated Electricity in 

China. Science 2009; 325 (5946): 1378-1380. Doi:10.1126/science.1175706. 

[61] China Electric Power Yearbook Editing Committee. China Electric Power Yearbook, 

Beijing: China Electric Power Press, 2014. 

[62] Junfeng L, Fengbo C, Liming Q, Jixue W, Hu G, Wenqian T, Peng P, Dan G, Xiuqin L, 

Qionghui L. 2014 China Wind Power Review and Outlook, 2014. 

[63] Department of Energy and Lawrence Berkeley National Laboratory. The price of wind 

energy for new contracts signed in 2013 is at an all-time low at 2.5 cents per kWh, Berkeley, 

2013. 

[64] Zhang N, Lu X, McElroy MB, Nielsen CP, Chen X, Deng Y, Kang C. Reducing curtailment 

of wind electricity in China by employing electric boilers for heat and pumped hydro for 

energy storage. Applied Energy. Doi:10.1016/j.apenergy.2015.10.147. (In press) 

[65] Luo G-l, Li Y-l, Tang W-j, Wei X. Wind curtailment of China׳s wind power operation: 

Evolution, causes and solutions. Renewable and Sustainable Energy Reviews 2016; 53: 

1190-1201.Doi:10.1016/j.rser.2015.09.075. 



[66] Zhao H, Wu Q, Hu S, Xu H, Rasmussen CN. Review of energy storage system for wind 

power integration support. Applied Energy 2015; 137: 545-553. 

Doi:10.1016/j.apenergy.2014.04.103. 

[67] Chen W, Yin X, Ma D. A bottom-up analysis of China’s iron and steel industrial energy 

consumption and CO2 emissions. Applied Energy 2014; 136: 1174-1183. 

Doi:10.1016/j.apenergy.2014.06.002. 

 

 

 

 


