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Abstract 7 

In the past decades, solar heat for industrial processes (SHIP) have been rapidly 8 

developed and applied, and also getting more attention in the world. China is still the 9 

largest energy consumer with industry accounting for almost 70% of total energy 10 

consumption. Low- and medium-temperature heat takes up 45% of process heat, 11 

holding 50%-70% of industrial energy consumption, which provides a favorable 12 

condition for solar application. China has built some demonstration projects to make 13 

industrial processes well integrated with solar heating systems. This paper briefly 14 

presents the status of China’s energy consumption, integration of SHIP, as well as 15 

available solar technologies. 10 typical industrial sectors are selected to specifically 16 

describe their potential of SHIP. Moreover, 26 SHIP cases covering the 10 sectors in 17 

China are presented by field researches, with their capacity of energy saving and 18 

emissions reduction specifically investigated according to their own proportion of 19 

SHIP. The potential of SHIP in the selected 10 sectors are further predicted by 20 

optimistically and conservatively making their proportion of SHIP 5.5% and 2% 21 

respectively during the period of 2016-2020. The prediction shows that at least 39.40 22 

million tons of coal equivalent and 98.22 million tons of CO2 emission can be reduced 23 

in 2020 in China’s entire industrial sectors although solar supplies different 24 

proportions of heat demand in different industrial sectors. 25 

Keywords：China, solar heat, industrial processes, energy consumption, emissions 26 

reduction 27 
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Nomenclature and acronyms 

SHIP         solar heat for industrial processes 

OECD Organization for Economic Co-operation and development 

GDP gross domestic product 

OPEC        Organization of petroleum exporting countries 

IEA        International Energy Agency 

SHC       Solar heating and Cooling Programme 

RD&D       research, development, demonstration 

HTF       heat transfer fluid 

CSTIF       Chinese Solar Thermal Industry Federation 

ETC evacuated tube collector 

FPC flat plate collector 

CPC compound parabolic collectors 

PTC parabolic trough collector 
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HTF heat transport fluid 

LFR linear Fresnel reflector 

EPC Energy Performance Contracting 

BOT Build-Operate-Transfer 

1. Introduction 62 

1.1 Energy consumption in China 63 

Global primary energy consumption increased by just 1.0% in 2015, similar to 64 

the below-average growth recorded in 2014 (+1.1%) and well below its 10-year 65 

average of 1.9%. Oil remained the world’s leading fuel, accounting for 32.9% of 66 

global energy consumption. Coal and natural gas accounted for 29.2% and 23.8%, 67 

respectively. The fuel mix shifted away from coal towards lower-carbon fuels. China 68 

is the largest energy consumer in the world, experiencing a growth of 1.5% in 2015, 69 

and now accounting for 23% of global consumption. Although coal still remains the 70 

dominant fuel, accounting for 64% of China’s total energy consumption, this is the 71 

lowest share on record [1]. 72 

The world’s proved oil reserves, natural gas reserves and coal reserves fell in 73 

2015 to 1.7×10
12

 barrels, 1.87×10
15 

m
3
 and 8.91×10

11
 tons, respectively, and are 74 

sufficient to meet 50.7 years, 52.8 years and 114 years of global production demand, 75 

respectively [1]. Industry consumes large amounts of energy every year. The 76 

proportion of industrial energy consumption is not the same in different regions. As 77 

shown in Fig. 1, the proportion of industrial energy consumption in the total value is 78 

over 50% in regions like Asia, Latin America, Middle East and OECD Asia Oceania, 79 

with African industry taking up the minimum proportion of 18% [2]. Process heat 80 

takes up 50%-70% of the total industrial energy consumption, with low- and 81 

medium-temperature heat accounting for 45% of the portion [3]. 82 

 83 

Fig. 1 Share of the total final energy consumption by region [2] 84 

Industry is the economic backbone in China and it contributes 35.9% of gross 85 

domestic product (GDP) [4]. Industry accounts for about 70% of the total energy 86 

consumption in and the proportion has been rapidly increasing in recent years, as is 87 

shown in Fig. 2 [5]. 88 

 89 

Fig. 2 Industrial consumption of the year 2008-2013 in China [5] 90 

Note: ‘tce’ in Fig.2 means ‘ton of standard coal equivalent’. 91 

China’s energy consumption structure of industry is shown in Fig. 3 by fuel types 92 

[5]. The industrial energy demands are mainly met by fossil fuels, especially coal 93 
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which exhausts huge quantities of CO2 in combustion. Industrial sectors can mainly 94 

be divided into manufacturing, power and mining, and the corresponding energy 95 

consumption can be seen in Fig. 4. Manufacturing occupies the dominant portion, i.e. 96 

82.1%, with power and mining accounting for 9.7% and 8.2%, respectively [6]. 97 

 98 

Fig. 3 China’s energy consumption structure by fuel types in 2014 [5] 99 

 100 

Fig. 4 China’s energy consumption structure by industrial sectors in 2013 [6] 101 

Due to huge amount of energy consumed in industrial processes and serious 102 

environmental problems caused by fusil fuels combustion, enterprises are not 103 

encouraged to utilize fossil fuels in industrial processes anymore. Now they seek for 104 

industrial systems based on renewable energy to improve market competitiveness, and 105 

to reduce fuel costs and environmental pollution accompanying. Therefore, traditional 106 

energy supplies should be shifted to renewable energy sources and new technologies 107 

urgently need to be developed and applied in industries. Among all forms of 108 

renewable energy, solar energy attracts more attention as the most promising option to 109 

be applied in industrial processes. Solar energy is abundant, free and clean, and does 110 

not make any noise or any kind of pollution to the environment. Therefore, it becomes 111 

extremely significant to apply renewable energy especially solar energy to industrial 112 

processes. Up to now, many attempts have been made to extract solar energy by 113 

means of solar collectors, sun trackers and giant mirrors in order to utilize it for 114 

industrial purposes in China. 115 

1.2 Solar thermal industry in China 116 

By the end of 2014, an installed capacity of 410.2GWth corresponding to a total 117 

of 586.1 million square meters of collectors had been in operation worldwide, with 118 

China and Europe accounting for the largest proportion of 70.6% (i.e. 289.5GWth), as 119 

shown in Fig. 5. In the year 2014，the area of newly installed solar collectors reached 120 

6,670 m
2
 and experienced a drop of 15.2% compared to that of 2013 due to the sharp 121 

fall of international crude oil prices. Of the newly installed capacity, China still took 122 

up the biggest share of 78.6% (see Fig. 6) [7]. China’s growth rate of solar market was 123 

around 23% on average from 2000 to 2011, and since then the growth rate has 124 

experienced a continuous declination (+17.6% in 2010/2011, +7.6% in 2011/2012, 125 

+2.5% in 2012/2013). Between 2013 and 2014, the growth rate suddenly turned to 126 

–17.6%, which was the first negative growth rate in China since official recording 127 

began in 1997, and the downtrend continued in 2015 with a value of –17.0%. 128 

According to the Chinese Solar Thermal Industry Federation (CSTIF), China totally 129 

sold 43.5 million square meters of solar collectors and systems during 2014-2015, 130 
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declining by 17.0% during the same period. Until now, China’s total ownership of 131 

solar thermal utilization has reached 4.42×10
9
m

2
(309 GWth), rising 6.9% from a year 132 

earlier [8]. 133 

 134 

Fig. 5 Share of the total capacity of solar collectors in operation in 2014 [7] 135 

 136 

Fig. 6 Capacity s of newly installed solar collectors in 2014 [7] 137 

In 2015, engineering market became the main force of China’s solar industry, and 138 

China’s domestic western market grew significantly due to the environmental factors 139 

as well as policy support. The commercial application of solar thermal is also 140 

expanding widely in hotels, schools, apartments, nursing homes, prisons and other 141 

public facilities. Meanwhile, it is worth mentioning that China also has the largest 142 

number of jobs for solar water heater market of all countries, providing 7.43×10
5
 jobs. 143 

Table 1 and Table 2 list the key data of China’s solar industry and the resulting 144 

benefits in energy-saving and emission-reduction, respectively [8].  145 

Table 1 Key data of China’s solar industry in 2015 [8] 146 

Table 2 China’s energy-saving and emission-reduction due to solar collectors in 2015 [8] 147 

2. Status of SHIP  148 

2.1 Status of SHIP in regions except for China 149 

Solar heat for industrial processes (SHIP) is still a niche market, but a number of 150 

promising projects ranging from small-scale demonstration plants to very large 151 

systems have been implemented in the last couple of years. Process heating is 152 

recognized as the most potential one among solar heating and cooling applications [9]. 153 

The potential capacities of SHIP of the year 2010-2050 have been predicted and are 154 

presented in Fig. 7 by regions. 155 

 156 

Fig. 7 Potential for SHIP worldwide (Exajoule/yr) [9] 157 

Note: The exajoule (EJ) is equal to 10
18

 (one quintillion) joules. 158 

By April 2016, 188 SHIP applications are reported to be in operation globally 159 

with a total cumulated installed capacity of around 106MWth (154,500m
2
). Of these 160 

installations, 21 systems exceed 0.7MWth (＞1,000m
2
) of thermal peak capacity, 35 161 

have capacities of between 0.35 and 0.7MWth (500~1,000 m
2
), and 86 installations are 162 

between 0.07 and 0.35MWth (100~500 m
2
), remaining 46 systems with capacity of 163 

below 0.07MWth ( ＜ 100m
2
) [7], as shown in Fig. 8. The locations of the 164 

aforementioned installations are geographically illustrated in Fig. 9. 165 
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 166 

Fig. 8 Global solar process heat applications in operation by April 2016 [7] 167 

 168 

Fig. 9 Location of reported SHIP applications [7] 169 

The world’s largest solar process heat application was commissioned in Chile in 170 

June 2013. The installation with a thermal peak capacity of 27.5MW totally employs 171 

39,300m² of flat plate collectors connected to 4,000m³ of thermal energy storage. The 172 

solar thermal system was designed to cover 85% of the process heat demand to refine 173 

copper at the Gaby copper mine of state-owned mining company Codelco [10].  174 

Probably the largest solar process heat application in the USA was installed in 175 

April 2012 in North Carolina. The 5.5MWth (7,804 m²) solar thermal system equipped 176 

with flat plate collectors supplies hot water to a turkey processing plant, lessening the 177 

use of propane gas [11]. 178 

Malaysia started SHIP program in 2014 and has realized 10 large-scale solar 179 

plants in combination with energy efficiency measures for industrial companies [12]. 180 

Jordan’s first solar steam system began to be installed in November 2014 and 181 

was completed in March 2015. The collector field consists of Fresnel collectors with a 182 

total aperture area of 396 m² and a peak capacity of 223kWth. The Fresnel collector 183 

plant was set up on the roof of pharmaceuticals producer Ram Pharma, supplying 184 

steam at 160 °C to the factory’s steam grid, which provides the energy needed for 185 

sterilization, drying and fermenting. Solar energy is said to save around 30% of the 186 

annual diesel demand for Ram Pharma processes [13]. 187 

Brazilian producers sold 17% of their collectors to industry in 2014. More 188 

companies are becoming aware of the opportunities that solar heating and cooling 189 

offers when it comes to reducing energy costs and increasing competitiveness. 190 

Because of the growing demand but limited supply of electricity, Brazilian energy 191 

prices are likely to rise again and make it even more attractive for investors to use 192 

solar heating and cooling [14]. 193 

In Italy, 800 tons of direct steam production and 50,000 liters of diesel saved per 194 

year, along with the advantage of the Italian incentive scheme for renewable heat 195 

allowed a small dairy in Sardinia to choose a concentrated solar thermal plant with 196 

Fresnel collectors for generating 200°C steam. The steam is used to supply heat to the 197 

industrial processes for cheese production. The investment of EUR 400,000 will have 198 

a payback period of about 4 years [15]. 199 

In the desert in the south of Oman, solar steam is cheaper than gas-produced one. 200 

Oman began to install the world’s largest solar steam producing plant at the end of 201 

2015, and first steam generation is expected to start in 2017. The steam is used for 202 

heating the heavy crude oil in order to improve flow properties and make it easier to 203 

pump the oil to the surface [16]. 204 
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In a word, solar heat for industrial applications is getting more and more 205 

attention all over the world. A variety of industrial processes require huge amounts of 206 

thermal energy, which makes the industrial sectors a promising market for solar 207 

thermal applications. 208 

2.2 Status of SHIP in China 209 

SHIP started in China from 2010, and has been gradually expanded in textile and 210 

other industries since then. Up to 2015, the application fields have been further 211 

extended, and the resulting benefits have become more and more evident. Considering 212 

process heat demands, we studied 10 industrial sectors in this paper to analyze the 213 

status of SHIP in China, which are tobacco, food processing, paper, textile, chemical, 214 

wood processing, medical, plastic and rubber, oil/crude gas exploitation, fabricated 215 

metal products, respectively. Industrial energy consumption in these ten sectors was 216 

about 7.66×10
8
 tons of standard coal and accounted for 26.31% of the total value in 217 

2013, as is shown in Figure 10 and Table 3 [5]. 218 

 219 

Fig. 10 Energy consumption proportion of the selected industrial sectors in 2013 [5] 220 

Table 3 Status of selected industrial sectors in 2013 [5] 221 

Note: Data in Fig. 10 and Table 3 are from National Bureau of Statistics of China. 222 

3. Potential and technologies of SHIP 223 

3.1 Potential industrial processes for SHIP 224 

From section 1 we know that a lot of heat was used and has being used in industry 225 

and the process temperature range varies in different industrial sectors. Temperatures 226 

in industrial processes are manifold, ranging from low (T<100ºC), medium (100ºC < 227 

T < 250ºC) to high (T > 250ºC). Low- and medium-temperature processes present a 228 

high share of heat demands in the mining, food & beverage, tobacco, pulp & paper, 229 

machinery and transport equipment manufacturing sectors. High temperatures present 230 

a high share of heat demand in the chemical, non-metallic minerals and basic metals 231 

production sectors [17]. Almost all industrial sectors require heat in some parts of 232 

their processes. Many industrial processes are suitable for solar thermal technologies, 233 

as shown in Table 4 [18]. It indicates that solar heat has enormous applications in 234 

industrial processes at low- and medium-temperature levels. 235 

Cleaning is an inevitable step in many industrial activities. Cleaning of bottles, cans, 236 

kegs and process equipment is the most energy-consuming part in food industry. The 237 

textile industry and cleaning of fabrics in laundries also need warm water at 238 

temperatures below 100°C and even below 60°C, so they provide an excellent 239 

application aspect for solar thermal energy. Preheating boiler feed water is another 240 

possible application for solar heat in the process industry. Since this is a 241 
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low-temperature heat sink, solar energy is suited very well, but there might be other, 242 

less costly heat sources available for this process [19]. 243 

Table 4 Temperature ranges for different industrial processes [18] 244 

3.2 Technologies for SHIP 245 

99% of solar heating and cooling technologies are used to provide warm water or 246 

space heating in residential homes [20], but it can also be used to provide process heat 247 

for industrial processes. In latter cases, the technologies are similar to those used in 248 

residential applications with three exceptions:  249 

(1) The amount of heat and cooling required in industrial processes is much larger.  250 

(2) Heat and cooling needs are often continuous [21], so additional complex control       251 

systems are needed. 252 

(3) Temperature levels required for process heat are often higher, so concentrators and 253 

other advanced technologies are needed to raise the temperature. 254 

3.2.1 Development of solar collectors 255 

A solar collector converts solar irradiation hitting on its surface into thermal by 256 

heating a suitable heat transport medium. This surface is called absorber and is 257 

physically attached to a hydraulic circuit containing the heat transport fluid (HTF). 258 

Each kind of collectors is dedicated for specific applications. For example, flat plate 259 

collectors (FPCs) are properly designed to be used in low-temperature sections and 260 

the concentrating and sun-tracking parabolic trough collectors (PTCs) are suitable for 261 

high-temperature situations in which the system can obtain temperature higher than 262 

250℃ with high efficiency [22]. 263 

S. Kalogirou summarized the three main categories and types of solar collectors 264 

currently used. But not all the collector types presented in Table 5 are suitable for 265 

SHIP as some of them, like the two-axes tracking collectors, are employed for 266 

high-temperature applications such as power generation [18]. 267 

Table 5 Solar collectors [18] 268 

Conventional FPCs and evacuated tube collectors (ETCs) are mostly applied in 269 

industrial processes with low-temperature needs. In order to expand its application 270 

temperature range, some techniques are utilized to improve the performance. Various 271 

advanced designs have been developed for FPC and ETC, such as transparent 272 

insulation material for FPCs (up to 150°C) [23], multiple glazing for FPCs (up to 273 

110°C) [24], or the use of inert gas or an ultra-high vacuum (up to 150°C). Compound 274 

parabolic collectors (CPCs) are fitted behind the vacuum tubes of the ETCs, reflecting 275 

both direct and diffuse sunlight onto the absorber (also called CPC vacuum tubes). 276 

Depending on the absorber and on the effective concentration factor, CPCs can 277 

provide temperatures up to 150℃. These low temperature collectors have already 278 
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reached a high stage of development and can provide heat for low temperature 279 

processes successfully. 280 

For industrial processes requiring medium-temperature solar heat, the application 281 

of concentrating collectors such as parabolic trough collectors (PTCs) and linear 282 

Fresnel reflectors (LFRs) are common. Depending on the absorber and on the 283 

effective concentration factor, these high-concentration collectors can produce 284 

temperatures up to 400°C and are extremely interesting for SHIP. 285 

Considering both the range of process temperature in different industrial sectors [25] 286 

and the most suitable range of operating temperatures of the different collector 287 

technologies, the scheme presented in Fig. 11 summarizes this information and can be 288 

regarded as a preliminary step to define the most suitable technologies for the 289 

operating conditions found on a prescribed project [26]. 290 

 291 

Fig. 11 Solar collectors related to operation temperature and process temperature range in different 292 
industrial branches [26] 293 

Production of process heat in medium and high temperature ranges is foreseen as 294 

an important potential application of solar concentrating technologies. A database has 295 

been fed through an online form, enabling a permanent update by technology 296 

suppliers, to achieve a live database gathering the most updated and relevant technical 297 

information on solar concentrating collectors for medium temperature applications 298 

[27]. 299 

3.2.2 Investment analysis of SHIP 300 

For projects using SHIP, solar thermal collecting parts account for 50%-70% of the 301 

total investment costs, with installation and system integration taking up the 302 

remaining part. When observing the costs of the system components, solar collectors 303 

and the installation takes up 50%, leaving pipes, heat storage and heat exchangers, 304 

control parts and others accounting for 20%, 11%, 5% and the remaining 14%, 305 

respectively (see Fig. 12)[28]. 306 

 307 

Fig. 12 Costs proportion of different components of SHIP [28] 308 

3.2.3 General modes of SHIP 309 

The general modes of SHIP are listed as follows, 310 

(1) Solar industrial hot water. Solar industrial hot water systems requires a 311 

temperature of above 80℃ (in some cases 100-250℃) and reliable operation, and 312 

needs proper integration with industrial processes on the basis of a reasonable initial 313 

investment recovery period. 314 

 (2) Solar industrial steam. Solar industrial steam is mainly used for cleaning, 315 
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sterilizing and high-temperature dehumidification. 316 

(3) Solar drying. Solar drying can be achieved by direct or indirect way in 317 

greenhouse-type, collector-type and greenhouse & collector-combined type drying 318 

systems. 319 

(4) Solar seawater desalination. Solar seawater desalination system can run 320 

independently, unrestricted by steam or electricity, and can be operated in clean ways 321 

without using fossil fuels. 322 

3.2.4 System integration of SHIP 323 

SHIP systems are often divided into direct and indirect systems, and solar heat can 324 

also be used to generate electricity, which in turn delivers services to industrial 325 

processes [29-31]. In IEA Task49 Integration Guideline [32], seven exemplary SHIP 326 

system concepts are given. They cover a wide range of industrial and commercial 327 

applications with liquid and gaseous (steam and air) media. Integration of solar 328 

collectors with conventional energy supplies must be done in a way compatible with 329 

the processes. In general, SHIP system can be integrated in the following three ways, 330 

(1) Directly connecting the low-temperature requirements in parallel with the 331 

existing processes for heating (see Fig. 13) [27];  332 

(2) As a heat source for direct heating of a circulating fluid (e.g. feed-up water, 333 

closed-circuit return water, air preheating) (see Fig. 14) [33]; 334 

(3) As an additional source for pre-heating of supply water for steam boilers (Fig. 335 

15) or directly integrating solar heating into fossil-fueled industrial steam boilers [33]. 336 

 337 

Fig. 13 Possibilities of combining the solar system with the existing heat supply [27] 338 

 339 

Fig. 14 Principles for solar thermal systems for direct heating to process equipment [33] 340 

 341 

Fig. 15 Principles of solar pre-heating of supply water for steam boilers [33] 342 

In addition, in order to make it possible for the system to work in periods of low 343 

irradiation and/or nighttime, solar heat storage becomes the easiest way to accomplish 344 

this (e.g. the system with a storage tank in Fig. 16), which in fact is being widely used 345 

in solar systems nowadays. 346 

 347 

Fig. 16 A solar water heating system with a storage tank [18] 348 
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4. Case studies of SHIP in China 349 

4.1 Case selection 350 

  From November 2015 to August 2016, Shanghai Jiao Tong University, together 351 

with the International Copper Alliance, investigated the utilization of solar heat in 352 

industrial sectors in China. We collected 26 cases, covering the 10 industrial sectors 353 

mentioned in section 2.2 and three other industrial sectors (cement production, sludge 354 

treatment and ice making). Parts of them are described in detail in the following parts 355 

and all of them are briefly listed in Table 7 in section 4.3. 356 

4.2 Case studies 357 

4.2.1 Tobacco industry 358 

China is the world’s first producer and consumer of tobacco, and tobacco taxes 359 

account for around 9% of national tax revenue and about 7.5% of the fiscal revenue. 360 

Tobacco products finally flow to consumers after seven main production processes, as 361 

shown in Fig. 17 The first three processes are mainly powered by high-temperature 362 

steam or hot water, and critical factors like temperature and humidity are controlled 363 

by regulating steam or hot water supply during cut-made process of cigarette, which 364 

highlights the potential application of solar heat in this field. 365 

 366 

Fig. 17 Cigarette production processes [34] 367 

Solar energy has a bright application potential in tobacco industry and solar thermal 368 

can be utilized in this field mainly by the following two means, 369 

(1) Supplying steam by preheating boiler feed-water; 370 

(2) Heat the air in solar heating room through heat radiation and then introduce the 371 

hot air into the curing barn for later use.  372 

Sichuan Tobacco Industry Co., Ltd. Xichang Branch [35] introduced solar energy to 373 

preheat boiler feed-water to reduce boiler energy consumption and production cost. 374 

Considering 100 tons of daily water consumption, water temperature can obtain a lift 375 

of 50℃ by solar preheating, reaching above 80 ℃, and about 0.83 ton of steam is 376 

saved every day. 377 

The Dali cigarette factory in Yunnan province [36] introduced 2,000 m
2
 of 378 

heat-pipe-type all glass evacuated tube solar collectors to supply solar heat to working 379 

pure water in low-temperature range of their tobacco drying system. Solar heat can 380 

also be stored in a storage tank with the volume of 40 tons by means of temperature 381 

cycle. The system was also assisted with an air-source heat pump as auxiliary heat 382 

supply in case of solar heat shortage in rainy days. It is calculated that the system can 383 

save about 1.42 MkWh of power and 5.74×10
2
 tons of standard coal,  384 

simultaneously reducing CO2, SO2 and NOx emissions of around 1.42×10
3
 tons, 11.5 385 
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tons and 8.6 tons respectively every year. 386 

The Luohe cigarette factory in Henan province [37] combined solar energy and 387 

air-source heat pump to supply heat in tobacco drying processes, with CPCs covering 388 

100 m
2
 and three water tank storing excess heat whose volumes are 1 ton, 2 tons and 5 389 

tons, respectively. With CO2 emissions reduction of 450 tons and a static payback 390 

time of only 6 years, the project realized a solar fraction of 60% and saved 12 tons of 391 

standard coal every year. 392 

4.2.2 Food processing industry  393 

Generally in food processing industry, techniques like steaming, boiling, blanching, 394 

drying, cleaning and sterilizing need a lot of heat, which can all be achieved by solar 395 

thermal techniques. In addition, some requirements such as cooling and refrigeration 396 

can be realized by solar-driven absorption chillers. Thus application of solar 397 

application in this field can be classified as food drying, supplying hot water/steam 398 

and ensuring low-temperature storage environment. 399 

In Lequan Food Co., Ltd of Wuhu, Anhui province, a solar concentrated hot water 400 

system totally installed 321.6 m
2 

of evacuated tube collectors (BEST58-1800-20) on 401 

roofs of canteen and office building to preheat boiler water. The project planned a 402 

solar system with lifetime of 15 years and saved 22,000 m
3
 of natural gas and RMB 403 

64,900 of fuel costs, reducing CO2 and SO2 emissions of 58.3 tons and 189.12 kg 404 

respectively every year. The static payback time of the system was estimated at 4.39 405 

years. 406 

A project of wolfberry drying in Ningxia established China’ most advanced, most 407 

energy-saving and highest automated drying line by installing 168 m
2
 of solar 408 

collectors, 14 heat pumps and 7 sensible heat exchangers (see Fig. 18). It is estimated 409 

that the system can reduce coal combustion by 98 tons and save fuel costs of RMB 410 

45,000 per month, with energy saving rate up to 57%, maximum heat recovery rate of 411 

30% by the sensible heat exchangers and CO2 emission reduction by 258 tons, 412 

respectively. 413 

 414 

Fig. 18 Live-action of the wolfberry drying project 415 

4.2.3 Paper industry  416 

China is the second largest paper producer and consumer in the world only after the 417 

USA. Paper industry consumes large amounts of energy and results in serious 418 

pollution. Paper industry involves the following main steps: pulping, papermaking, 419 

blanching, coating and processing. Solar energy is applied in this field mainly in the 420 

form of solar photovoltaics and solar thermal has gotten little application in paper 421 

industry in China until now. However, when investigating the heat demands of 422 

processes like cooking (150-200℃), blanching (30-80℃) and drying, we can find that 423 
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solar thermal can absolutely be employed by means of suppling industrial hot water/ 424 

steam and solar drying to cut use of fossil fuels and reduce emissions of pollutants. 425 

4.2.4 Textile industry 426 

China became world’s largest textile clothing producer and exporter in 1994, 427 

making textile the pillar industry to balance China’s international incomes and 428 

expenses. Considering negative factors like price increase of materials, drawback on 429 

export tax rebates and yuan appreciation and status of high energy consumption, solar 430 

energy as an alternative to fossil fuels is essential in industrial processes. Textile 431 

industry can be classified as textile sector, printing and dyeing sector, chemical fiber 432 

manufacturing sector and textile special equipment manufacturing sector. So far, solar 433 

hot water systems in this field are mostly non-concentrating, suppling warm water of 434 

40-60℃. Medium-temperature tracking and concentrating solar systems have a high 435 

economic efficiency and application value due to their high concentration ratio, large 436 

energy density and real-time tracking. 437 

The hot water project of Jinhao textile industrial park in Shandong province placed 438 

1,250 groups, 8,583 m
2
 of all-glass evacuated tube solar collectors on factory roofs 439 

with 2 tanks both having volume of 150 tons as storage tank and buffer tank to supply 440 

weaving hot water at 60℃ to the dye house (see Fig. 19). Waste heat recovered from 441 

desulfurization power plant acted as the auxiliary heat source. With CO2 emissions 442 

reduction by 2,826 tons and a static payback time of only 2.75 years, the project 443 

obtained a solar fraction of 60% and saved 1,691 tons of standard coal and created 444 

2.43×10
6 

RMB of profit for output value. 445 

 446 

Fig. 19 Live-action of collector arrays (left) and the dye house (right) 447 

In Jinhong printing and dyeing Co., Ltd of Changshu, Jiangsu province, cold water 448 

is preheated by solar energy to temperature above 50℃ and in quick succession 449 

auxiliary heated by steam to the needed temperature. The side-by-side all-glass 450 

evacuated tube collectors were installed on building roofs, covering an area of 7,460 451 

m
2
, and connected to a 150-ton heat storage tank for boiler’s water supply and a 452 

350-ton constant-temperature water tank. With CO2 and SO2 emissions reduction by 453 

3,100 tons and 350 tons respectively and a static payback time of 6 years, the project 454 

realized a solar fraction of 60% and a lifetime of 12 years, and also saved 2,080 tons 455 

of standard coal. Fig. 20 shows the panoramic view of Jinhong printing and dyeing 456 

Co., Ltd. 457 

 458 

Fig. 20 Panoramic view of Jinhong printing and dyeing Co., Ltd 459 
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4.2.5 Chemical industry 460 

Chemical industry is highly energy-consuming and the amount of heat needed is 461 

considerable. According to the temperature range of typical processes shown in Table 462 

6, chemical industry requires heat of relatively high grade supplied by 463 

medium-temperature solar systems. 464 

Table 6 Temperature range of typical chemical processes 465 

Shen et al. [38] proposed a chemical oxidation wastewater treatment system driven 466 

by solar heat and promoted degradation of organic matters difficult to degrade and 467 

mineralize, achieving highly efficient, less residual, low energy-consuming and 468 

secondary pollution free treatment of wastewater. Sui et al. [39] developed a solar 469 

driven integration experimental device for methanol decomposition with thermal 470 

power of 5 kW. The parabolic trough type solar collectors used can provide a reaction 471 

temperature of 200-300℃ and the energy conversion rate of solar-to-chemical can 472 

reach 30%-60%. Kong et al. [40] provided a new thinking and also a physical device 473 

of chemically using solar heat by simultaneously applying solar chemical effect and 474 

thermal effect, and using H2O and CO2 as raw materials to industrially produce 475 

hydrogen or methanol through chemical reactions. In general, the high-grade and 476 

large amounts of steam required in chemical industry can be supplied by the solar 477 

steam system shown in Fig. 21.  478 

 479 

Fig. 21 A industrial solar steam system [40] 480 

4.2.6 Wood-processing industry 481 

Due to high water content of newly cut trees, wood drying becomes an inevitable 482 

step in the subsequent deep processing. Wood drying is a high energy-consuming 483 

process requiring temperature of 50-180℃, which is suitable for the utilization of solar 484 

energy. Taking the intermittence and instability of solar energy into consideration, 485 

Zhang et al. [41] designed a wood drying system combining solar energy and heat 486 

pump dehumidification. The results obtained revealed that the combined drying 487 

system could save energy of 11.8% and 71.2% compared to heat pump drying and 488 

steam drying, respectively, and the drying time could be shorten by 14.9 compared to 489 

that of solar drying. Comprehensively considering energy consumption, drying time 490 

and production efficiency, the combined system is worth recommending [42]. In case 491 

of rainy days, the importance of solar heat storage for wood drying should be stressed 492 

with paraffin as an appropriate phase change material [43]. In Advantech Company of 493 

Suzhou, Jiangsu, a solar wood drying system was built with a 20-ton heat storage tank 494 

and an auxiliary heat pump. The series collectors installed on plant roof cover an area 495 

of 100m
2
 and supply heat of 100℃ to the 400-m

3
 wood drying room, as shown in Fig. 496 
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22. 497 

 498 

Fig. 22 Live-action of the project in Advantech Company of Suzhou 499 

4.2.7 Medical industry 500 

Medical industry is known as the sunrise in China. The sections such as cleaning 501 

and distillation require large amounts of hot water/steam (80-180℃), and in general, 502 

the heat grade can be fulfilled by solar energy. Furthermore, solar high-temperature 503 

water/steam can be utilized to clean and sterilize medical tools like scalpels, utensils 504 

and bottles.  505 

A renovation project of heating system in a pharmaceutical factory of Guangxi 506 

province preferentially use solar heat with steam boiler and recovered heat from 507 

air-conditioner as auxiliary heat sources to meet the heating needs of production and 508 

life, as is schematically shown in Fig. 23. The system could save raw coal and 509 

electricity for drying of 520 kg and 480kWh every day. According to the calculated 510 

250 working days, the project could reduce emissions of coal cinder and CO2 by 36.5 511 

tons and 275 tons respectively each year, showing considerable economic and social 512 

benefits.  513 

 514 

Fig. 23 The schematic diagram of the project in Guangxi province 515 

Note: H-T here means high-temperature and M-T is medium-temperature in Fig. 23. 516 

The solar steam project of Nanjiang pharmaceutical factory in Kunming, Yunnan 517 

province produces solar steam through a device integrating 3800 industrial-grade 518 

solar steam pipes. The solar steam enters the solar boiler for temperature and pressure 519 

regulating, and then runs in parallel with the industrial-boiler steam through steam 520 

pipes. The Phase II project plans to produce 7,700 tons of solar steam, save 1,079 tons 521 

of standard coal for per household and reduce 2,471 tons of CO2 emission. 522 

4.2.8 Plastic and rubber industry 523 

China has experienced rapid development in plastic and rubber industry in recent 524 

years and the energy consumption in this field is equivalent to 4,350 tons of standard 525 

coal in 2013. Li et al. [44] developed a device for natural rubber drying combing 526 

FPCs and ETCs. The outside air is first preheated to 70℃ in the FPCs and further 527 

heated to a final temperature of 110℃ in the ETCs. The hot air is then blown into the 528 

drying room by a fan to complete the drying process. The gas discharged from the 529 

drying room was introduced into the ETCs for reheating, as shown in Fig. 24. Wang et 530 

al. [45] studied application of solar thermal in tire production revealed that the 531 

economic benefit is better than that resulted from using electricity, natural gas and 532 
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coal. 533 

 534 

Fig. 24 Schematic diagram of the solar natural rubber drying device [44] 535 

4.2.9 Oil/natural gas exploitation industry 536 

Liaohe oilfield pioneered the application of solar heating system for crude oil 537 

gathering and transporting in China, which was designed by Shanghai Jiao Tong 538 

University in 2002 [46]. The project combined a small storage tank for quick startup 539 

of the system with a large hot storage tank for excess heat storage to extend the 540 

heating time and optimize the efficiency of the system. South China University of 541 

Technology developed a solar-heating and energy-saving system for crude oil 542 

gathering and transporting in 2004 [47] and put it into use in Xinglongtai oil 543 

extraction plant belonged to Liaohe oilfield. The system indirectly heats the crude oil 544 

through the heat exchange between high-temperature water and low-temperature 545 

crude oil in water/crude oil heat exchanger. The low-temperature water out from the 546 

heat exchanger flows back to the water storage tank and is then pumped into the solar 547 

collector arrays for reheating. The results revealed a maximum crude oil temperature 548 

of 83℃ in case of solar heating only. When solar radiation is insufficient, the auxiliary 549 

combustor and water-jacket furnace can heat the crude oil secondarily (see Fig. 25). 550 

The system can save 30%, i.e. 900-1,200m
3
of natural gas for the oilfield every day. 551 

 552 

Fig. 25 Schematic diagram of the solar heating crude oil gathering and transporting system [47] 553 

4.2.10 Metal products industry 554 

Solar heat can be applied in metal surface treatment processes such as 555 

electroplating and cleaning, and also for metal parts and coins cleaning. The Jiayou 556 

electroplating factory located in Yuhuan county, Zhejiang province utilizes solar heat 557 

as the primary energy supply in electroplating and completely replaces the coal-fired 558 

boiler through the following measures, 559 

(1) Using ‘solar energy & dual-source (air-source and water-source) hot water unit’ 560 

to carry out the water heating in low-temperature section. When working at the return 561 

water temperature, i.e. 50℃, the solar heating system heats the water to a temperature 562 

of 65℃. 563 

(2) Using ‘solar energy & dual-source hot water unit & electric assisted heating’ to 564 

achieve the water heating in high-temperature section. When operated at the 565 

temperature of 60℃, the solar heating system lifts the water temperature to 75-90℃ 566 

assisted by electric heating. 567 

(3) Heat storage. Using large metal cans to store the solar hot water for subsequent 568 

heating. 569 
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The project can reduce emissions of carbon dust, CO2, SO2 and NOx by 390 tons, 570 

1,400 tons, 45 tons and 22 tons each year, respectively, and reveals obvious 571 

environmental benefits. 572 

4.2.11 Other industrial sectors 573 

In addition to the above-described sectors, solar heat can also be utilized in cement 574 

production, mining, wastewater treatment, seawater desalination, refrigeration and, 575 

ice-making and so on. For example, Jiujiu cement factory in Xuzhou, Jiangsu 576 

province uses solar collectors of 129.6 m
2
 and a 17.7 kW air-source heat pump to 577 

replace the original boiler equipment. The change annually saves 210 tons of standard 578 

coal and reduces CO2, SO2, NOx and dust emissions by 558 tons, 1.47 tons, 0.76 ton 579 

and 5.03 tons, respectively; the sewage treatment plant in Dezhou, Shandong province 580 

uses 8,400 evacuated tubes to collect solar heat for their sludge drying; a system in 581 

Tai’an, Shandong province combines medium-temperature solar collectors and 582 

ammonia absorption refrigeration to produce 1.5-2 tons of ice and refrigerate 120 tons 583 

of vegetables every day. 584 

4.3 Summary of selected cases 585 

Summative information of the selected 26 cases is listed in Table 7. All of the 586 

cases are in good conditions and have achieved excellent economic and social benefits. 587 

It can be seen through these cases that applications of SHIP have developed rapidly 588 

and promisingly in China.  589 

Table 7 Selected cases of SHIP in various sectors 590 

Note: * means data unavailable 591 

5. Prospects of SHIP in China 592 

According to section 1, it is alarming that industry becomes China’s biggest 593 

pollution source by taking up about 70% of the total energy consumption and with 594 

coal meeting its main energy demand. In order to cope with climate changes and to 595 

promote China’s economic growth and energy security, a low-carbon economy should 596 

be built and expanded [48], thus making industry bear the brunt of carrying out 597 

energy saving and low-carbon strategy. China is rich in solar energy with its 2/3 598 

territory area receiving 2,200 hours of sunshine per year. It is estimated that the yearly 599 

amount of solar radiation all over China reaches 3.35×10
3
~8.40×10

3
 MJ/m

2
, and the 600 

average value is 5.86×10
3
 MJ/m

2
. Based on the above, utilizing solar energy for 601 

industry and SHIP has great potential and is an inevitable tendency in China.  602 

Based on the aforementioned information of the selected industrial sectors, the 603 

corresponding heat consumption is quite different due to their specific internal 604 

processes. Meanwhile, different industrial sectors require specific solar technologies 605 

and the heating proportion that can be supplied by solar heat differs. By making the 606 

proportion taken up by solar heat in industrial sectors tobacco, textile, medical, food 607 
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processing, paper, wood processing, chemical, plastic and rubber, oil/ crude gas 608 

exploitation and fabricated metal products be 10%, 30%, 10%, 30%, 20%, 20%, 5%, 609 

10%, 5% and 5%, respectively, the potential benefits resulted by these proportions of 610 

solar heat are shown in Table 8 below. It can be seen from Table 8 that by calculating 611 

based on the statistics in 2013, the aforementioned 10 industrial sectors can save 612 

around 4.24×10
7
 tons of standard coal (equivalent to 3.45×10

12
 kWh of electricity), 613 

which takes up 5.5% of the total energy consumption (equivalent to 7.65×10
8
 tons of 614 

standard coal) in the 10 industrial sectors. 615 

Table 8 Potential benefits from solar heat potential for industrial processes 616 

Note: Based on data from National Bureau of Statistics of China of 2013. 617 

The total industrial energy consumption in China increased by 39.1% from 2008 to 618 

2013, with yearly growth rate averaged 7.8%. Based on this growth rate, if we 619 

optimistically put the solar heating proportion of total industrial energy consumption 620 

an estimated 5.5%, the predicted benefits will be considerable, as is shown in Table 9 621 

and Fig. 26, from which we can find that by 2020, CO2 emission can be reduced by 622 

about 2.7×10
8
 tons, and nearly 1.1×10

8
 tons of standard coal can be saved. 623 

Table 9 Predicted information by the estimated proportion of 5.5% 624 

 625 

Fig. 26 The predicted information by the estimated proportion of 5.5% 626 

In general cases, solar heat can meet at least 2% of the industrial energy demand. 627 

Despite the small proportion, the resulting environmental and economic benefits will 628 

are attractive, which are presented. It can be seen in Fig. 27 and Table 10 that at least 629 

39.40 million tons of coal equivalent and 98.22 million tons of CO2 emission can be 630 

reduced in 2020 in China’s entire industrial sectors although solar supplies different 631 

proportions of heat demand in different industrial sectors. 632 

Table 10 Predicted information by the estimated proportion of 2% 633 

 634 

Fig. 27 The predicted information by the estimated proportion of 2% 635 

  It can be seen from the aforementioned review that solar heat has broad market 636 

capacity and precious value in industrial processes, and is also of great significance to 637 

China's energy conservation and emissions reduction. Renewable energy especially 638 

solar energy, have been paid more and more attention to due to the fog and haze 639 

weather frequently happening in China in recent years caused by the inappropriate 640 

energy structure. SHIP is rapidly developing in China and will become an important 641 

sector encouraged by the domestic policies. 642 
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6. Perspectives and conclusions 643 

As the biggest developing country in the world, China has been experiencing high 644 

energy consumption and industry accounts for almost 70%. Furthermore, the industry 645 

energy consumption is mainly provided by fossil fuels, which also brings about 646 

violent impacts on the environment. China has abundant solar energy, and considering 647 

the advantages solar energy, application of SHIP is a key issue for Chinese sustainable 648 

policy goals. The application of SHIP in China is developing rapidly, covering various 649 

industrial sectors. The projects of SHIP are in good conditions, and have achieved 650 

excellent economic and social benefits. 651 

However, there is much more potential for SHIP in China. The results of case 652 

studies in this paper show that at least 39.40 million tons of coal equivalent and 98.22 653 

million tons of CO2 emission can be reduced in 2020 in China’s entire industrial 654 

sectors although solar supplies different proportions of heat demand in different 655 

industrial sectors. Significant work is still required before SHIP is really widely 656 

adopted and effectively operated in industry worldwide. Some perspectives with 657 

regard to solar energy use in SHIP are suggested, 658 

(1) Strengthen policy supports. The government should introduce policies to 659 

support and promote the projects of SHIP, and establish relevant funds to subsidize 660 

and motivate such projects. In this phase, clear policies are urgently needed to make 661 

SHIP basic industrial requirements and to protect the equality of development for 662 

those underfunded but energy-intensive industrial enterprises. 663 

(2) Establish related standards and procedures. Up to now, only a handful of 664 

engineering centers and research institutions have the installation experience of SHIP 665 

projects. Relevant technical standards and engineering specifications do not exist or 666 

are not identical to guide the practice of SHIP. Professional boards, authorities, testing 667 

and certification bodies should work together to establish related standards and 668 

procedures, and at the same time help related departments supervise and urge 669 

industrial enterprises to obey the standards and procedures. 670 

(3) Update relevant technologies and lower investment costs. To some extent, the 671 

high costs of relevant system and the imperfect technologies hinder the development 672 

of SHIP in China and other regions. Industry-university-research cooperation and 673 

other feasible ways should be pursued to update technologies and lower investment 674 

costs. 675 

(4) Develop proper business models for SHIP. The high upfront costs, long payback 676 

time of SHIP make it important for industrial enterprises to choose the right business 677 

model when they are renovating their factory for energy saving. Proper business 678 

models help enterprises a lot in reducing investment costs, in improving the efficiency 679 

of energy conservation transformation and in shortening the payback period. Energy 680 

Performance Contracting (EPC) and Build-Operate-Transfer (BOT) are two common 681 

available business models for industrial enterprises when they are considering SHIP in 682 
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their future development. 683 
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Abstract 7 

In the past decades, solar heat for industrial processes (SHIP) have been rapidly 8 

developed and applied, and also getting more attention in the world. China is still the 9 

largest energy consumer with industry accounting for almost 70% of total energy 10 

consumption. Low- and medium-temperature heat takes up 45% of process heat, 11 

holding 50%-70% of industrial energy consumption, which provides a favorable 12 

condition for solar application. China has built some demonstration projects to make 13 

industrial processes well integrated with solar heating systems. This paper briefly 14 

presents the status of China’s energy consumption, integration of SHIP, as well as 15 

available solar technologies. 10 typical industrial sectors are selected to specifically 16 

describe their potential of SHIP. Moreover, 26 SHIP cases covering the 10 sectors in 17 

China are presented by field researches, with their capacity of energy saving and 18 

emissions reduction specifically investigated according to their own proportion of 19 

SHIP. The potential of SHIP in the selected 10 sectors are further predicted by 20 

optimistically and conservatively making their proportion of SHIP 5.5% and 2% 21 

respectively during the period of 2016-2020. The prediction shows that at least 39.40 22 

million tons of coal equivalent and 98.22 million tons of CO2 emission can be reduced 23 

in 2020 in China’s entire industrial sectors although solar supplies different 24 

proportions of heat demand in different industrial sectors. 25 

Keywords：China, solar heat, industrial processes, energy consumption, emissions 26 

reduction 27 
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Nomenclature and acronyms 

SHIP         solar heat for industrial processes 

OECD Organization for Economic Co-operation and development 

GDP gross domestic product 

OPEC        Organization of petroleum exporting countries 

IEA        International Energy Agency 

SHC       Solar heating and Cooling Programme 

RD&D       research, development, demonstration 

HTF       heat transfer fluid 

CSTIF       Chinese Solar Thermal Industry Federation 

ETC evacuated tube collector 

FPC flat plate collector 

CPC compound parabolic collectors 

PTC parabolic trough collector 
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HTF heat transport fluid 

LFR linear Fresnel reflector 

EPC Energy Performance Contracting 

BOT Build-Operate-Transfer 

1. Introduction 62 

1.1 Energy consumption in China 63 

Global primary energy consumption increased by just 1.0% in 2015, similar to 64 

the below-average growth recorded in 2014 (+1.1%) and well below its 10-year 65 

average of 1.9%. Oil remained the world’s leading fuel, accounting for 32.9% of 66 

global energy consumption. Coal and natural gas accounted for 29.2% and 23.8%, 67 

respectively. The fuel mix shifted away from coal towards lower-carbon fuels. China 68 

is the largest energy consumer in the world, experiencing a growth of 1.5% in 2015, 69 

and now accounting for 23% of global consumption. Although coal still remains the 70 

dominant fuel, accounting for 64% of China’s total energy consumption, this is the 71 

lowest share on record [1]. 72 

The world’s proved oil reserves, natural gas reserves and coal reserves fell in 73 

2015 to 1.7×10
12

 barrels, 1.87×10
15 

m
3
 and 8.91×10

11
 tons, respectively, and are 74 

sufficient to meet 50.7 years, 52.8 years and 114 years of global production demand, 75 

respectively [1]. Industry consumes large amounts of energy every year. The 76 

proportion of industrial energy consumption is not the same in different regions. As 77 

shown in Fig. 1, the proportion of industrial energy consumption in the total value is 78 

over 50% in regions like Asia, Latin America, Middle East and OECD Asia Oceania, 79 

with African industry taking up the minimum proportion of 18% [2]. Process heat 80 

takes up 50%-70% of the total industrial energy consumption, with low- and 81 

medium-temperature heat accounting for 45% of the portion [3]. 82 

 83 

Fig. 1 Share of the total final energy consumption by region [2] 84 

Industry is the economic backbone in China and it contributes 35.9% of gross 85 

domestic product (GDP) [4]. Industry accounts for about 70% of the total energy 86 

consumption in and the proportion has been rapidly increasing in recent years, as is 87 

shown in Fig. 2 [5]. 88 

 89 

Fig. 2 Industrial consumption of the year 2008-2013 in China [5] 90 

Note: ‘tce’ in Fig.2 means ‘ton of standard coal equivalent’. 91 

China’s energy consumption structure of industry is shown in Fig. 3 by fuel types 92 

[5]. The industrial energy demands are mainly met by fossil fuels, especially coal 93 
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which exhausts huge quantities of CO2 in combustion. Industrial sectors can mainly 94 

be divided into manufacturing, power and mining, and the corresponding energy 95 

consumption can be seen in Fig. 4. Manufacturing occupies the dominant portion, i.e. 96 

82.1%, with power and mining accounting for 9.7% and 8.2%, respectively [6]. 97 

 98 

Fig. 3 China’s energy consumption structure by fuel types in 2014 [5] 99 

 100 

Fig. 4 China’s energy consumption structure by industrial sectors in 2013 [6] 101 

Due to huge amount of energy consumed in industrial processes and serious 102 

environmental problems caused by fusil fuels combustion, enterprises are not 103 

encouraged to utilize fossil fuels in industrial processes anymore. Now they seek for 104 

industrial systems based on renewable energy to improve market competitiveness, and 105 

to reduce fuel costs and environmental pollution accompanying. Therefore, traditional 106 

energy supplies should be shifted to renewable energy sources and new technologies 107 

urgently need to be developed and applied in industries. Among all forms of 108 

renewable energy, solar energy attracts more attention as the most promising option to 109 

be applied in industrial processes. Solar energy is abundant, free and clean, and does 110 

not make any noise or any kind of pollution to the environment. Therefore, it becomes 111 

extremely significant to apply renewable energy especially solar energy to industrial 112 

processes. Up to now, many attempts have been made to extract solar energy by 113 

means of solar collectors, sun trackers and giant mirrors in order to utilize it for 114 

industrial purposes in China. 115 

1.2 Solar thermal industry in China 116 

By the end of 2014, an installed capacity of 410.2GWth corresponding to a total 117 

of 586.1 million square meters of collectors had been in operation worldwide, with 118 

China accounting for the largest proportion of 70.6% (i.e. 289.5GWth), as shown in 119 

Fig. 5. In the year 2014，the area of newly installed solar collectors reached 6,670 m
2
 120 

and experienced a drop of 15.2% compared to that of 2013 due to the sharp fall of 121 

international crude oil prices. Of the newly installed capacity, China still took up the 122 

biggest share of 78.6% (see Fig. 6) [7]. China’s growth rate of solar market was 123 

around 23% on average from 2000 to 2011, and since then the growth rate has 124 

experienced a continuous declination (+17.6% in 2010/2011, +7.6% in 2011/2012, 125 

+2.5% in 2012/2013). Between 2013 and 2014, the growth rate suddenly turned to 126 

–17.6%, which was the first negative growth rate in China since official recording 127 

began in 1997, and the downtrend continued in 2015 with a value of –17.0%. 128 

According to the Chinese Solar Thermal Industry Federation (CSTIF), China totally 129 

sold 43.5 million square meters of solar collectors and systems during 2014-2015, 130 
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declining by 17.0% during the same period. Until now, China’s total ownership of 131 

solar thermal utilization has reached 4.42×10
9
m

2
(309 GWth), rising 6.9% from a year 132 

earlier [8]. 133 

 134 

Fig. 5 Share of the total capacity of solar collectors in operation in 2014 [7] 135 

 136 

Fig. 6 Capacity s of newly installed solar collectors in 2014 [7] 137 

In 2015, engineering market became the main force of China’s solar industry, and 138 

China’s domestic western market grew significantly due to the environmental factors 139 

as well as policy support. The commercial application of solar thermal is also 140 

expanding widely in hotels, schools, apartments, nursing homes, prisons and other 141 

public facilities. Meanwhile, it is worth mentioning that China also has the largest 142 

number of jobs for solar water heater market of all countries, providing 7.43×10
5
 jobs. 143 

Table 1 and Table 2 list the key data of China’s solar industry and the resulting 144 

benefits in energy-saving and emission-reduction, respectively [8].  145 

Table 1 Key data of China’s solar industry in 2015 [8] 146 

Table 2 China’s energy-saving and emission-reduction due to solar collectors in 2015 [8] 147 

2. Status of SHIP  148 

2.1 Status of SHIP in regions except for China 149 

Solar heat for industrial processes (SHIP) is still a niche market, but a number of 150 

promising projects ranging from small-scale demonstration plants to very large 151 

systems have been implemented in the last couple of years. Process heating is 152 

recognized as the most potential one among solar heating and cooling applications [9]. 153 

The potential capacities of SHIP of the year 2010-2050 have been predicted and are 154 

presented in Fig. 7 by regions. 155 

 156 

Fig. 7 Potential for SHIP worldwide (Exajoule/yr) [9] 157 

Note: The exajoule (EJ) is equal to 10
18

 (one quintillion) joules. 158 

By April 2016, 188 SHIP applications are reported to be in operation globally 159 

with a total cumulated installed capacity of around 106MWth (154,500m
2
). Of these 160 

installations, 21 systems exceed 0.7MWth (＞1,000m
2
) of thermal peak capacity, 35 161 

have capacities of between 0.35 and 0.7MWth (500~1,000 m
2
), and 86 installations are 162 

between 0.07 and 0.35MWth (100~500 m
2
), remaining 46 systems with capacity of 163 

below 0.07MWth ( ＜ 100m
2
) [7], as shown in Fig. 8. The locations of the 164 

aforementioned installations are geographically illustrated in Fig. 9. 165 
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 166 

Fig. 8 Global solar process heat applications in operation by April 2016 [7] 167 

 168 

Fig. 9 Location of reported SHIP applications [7] 169 

The world’s largest solar process heat application was commissioned in Chile in 170 

June 2013. The installation with a thermal peak capacity of 27.5MW totally employs 171 

39,300m² of flat plate collectors connected to 4,000m³ of thermal energy storage. The 172 

solar thermal system was designed to cover 85% of the process heat demand to refine 173 

copper at the Gaby copper mine of state-owned mining company Codelco [10].  174 

Probably the largest solar process heat application in the USA was installed in 175 

April 2012 in North Carolina. The 5.5MWth (7,804 m²) solar thermal system equipped 176 

with flat plate collectors supplies hot water to a turkey processing plant, lessening the 177 

use of propane gas [11]. 178 

Malaysia started SHIP program in 2014 and has realized 10 large-scale solar 179 

plants in combination with energy efficiency measures for industrial companies [12]. 180 

Jordan’s first solar steam system began to be installed in November 2014 and 181 

was completed in March 2015. The collector field consists of Fresnel collectors with a 182 

total aperture area of 396 m² and a peak capacity of 223kWth. The Fresnel collector 183 

plant was set up on the roof of pharmaceuticals producer Ram Pharma, supplying 184 

steam at 160 °C to the factory’s steam grid, which provides the energy needed for 185 

sterilization, drying and fermenting. Solar energy is said to save around 30% of the 186 

annual diesel demand for Ram Pharma processes [13]. 187 

Brazilian producers sold 17% of their collectors to industry in 2014. More 188 

companies are becoming aware of the opportunities that solar heating and cooling 189 

offers when it comes to reducing energy costs and increasing competitiveness. 190 

Because of the growing demand but limited supply of electricity, Brazilian energy 191 

prices are likely to rise again and make it even more attractive for investors to use 192 

solar heating and cooling [14]. 193 

In Italy, 800 tons of direct steam production and 50,000 liters of diesel saved per 194 

year, along with the advantage of the Italian incentive scheme for renewable heat 195 

allowed a small dairy in Sardinia to choose a concentrated solar thermal plant with 196 

Fresnel collectors for generating 200°C steam. The steam is used to supply heat to the 197 

industrial processes for cheese production. The investment of EUR 400,000 will have 198 

a payback period of about 4 years [15]. 199 

In the desert in the south of Oman, solar steam is cheaper than gas-produced one. 200 

Oman began to install the world’s largest solar steam producing plant at the end of 201 

2015, and first steam generation is expected to start in 2017. The steam is used for 202 

heating the heavy crude oil in order to improve flow properties and make it easier to 203 

pump the oil to the surface [16]. 204 
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In a word, solar heat for industrial applications is getting more and more 205 

attention all over the world. A variety of industrial processes require huge amounts of 206 

thermal energy, which makes the industrial sectors a promising market for solar 207 

thermal applications. 208 

2.2 Status of SHIP in China 209 

SHIP started in China from 2010, and has been gradually expanded in textile and 210 

other industries since then. Up to 2015, the application fields have been further 211 

extended, and the resulting benefits have become more and more evident. Considering 212 

process heat demands, we studied 10 industrial sectors in this paper to analyze the 213 

status of SHIP in China, which are tobacco, food processing, paper, textile, chemical, 214 

wood processing, medical, plastic and rubber, oil/crude gas exploitation, fabricated 215 

metal products, respectively. Industrial energy consumption in these ten sectors was 216 

about 7.66×10
8
 tons of standard coal and accounted for 26.31% of the total value in 217 

2013, as is shown in Figure 10 and Table 3 [5]. 218 

 219 

Fig. 10 Energy consumption proportion of the selected industrial sectors in 2013 [5] 220 

Table 3 Status of selected industrial sectors in 2013 [5] 221 

Note: Data in Fig. 10 and Table 3 are from National Bureau of Statistics of China. 222 

3. Potential and technologies of SHIP 223 

3.1 Potential industrial processes for SHIP 224 

From section 1 we know that a lot of heat was used and has being used in industry 225 

and the process temperature range varies in different industrial sectors. Temperatures 226 

in industrial processes are manifold, ranging from low (T<100ºC), medium (100ºC < 227 

T < 250ºC) to high (T > 250ºC). Low- and medium-temperature processes present a 228 

high share of heat demands in the mining, food & beverage, tobacco, pulp & paper, 229 

machinery and transport equipment manufacturing sectors. High temperatures present 230 

a high share of heat demand in the chemical, non-metallic minerals and basic metals 231 

production sectors [17]. Almost all industrial sectors require heat in some parts of 232 

their processes. Many industrial processes are suitable for solar thermal technologies, 233 

as shown in Table 4 [18]. It indicates that solar heat has enormous applications in 234 

industrial processes at low- and medium-temperature levels. 235 

Cleaning is an inevitable step in many industrial activities. Cleaning of bottles, cans, 236 

kegs and process equipment is the most energy-consuming part in food industry. The 237 

textile industry and cleaning of fabrics in laundries also need warm water at 238 

temperatures below 100°C and even below 60°C, so they provide an excellent 239 

application aspect for solar thermal energy. Preheating boiler feed water is another 240 

possible application for solar heat in the process industry. Since this is a 241 
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low-temperature heat sink, solar energy is suited very well, but there might be other, 242 

less costly heat sources available for this process [19]. 243 

Table 4 Temperature ranges for different industrial processes [18] 244 

3.2 Technologies for SHIP 245 

99% of solar heating and cooling technologies are used to provide warm water or 246 

space heating in residential homes [20], but it can also be used to provide process heat 247 

for industrial processes. In latter cases, the technologies are similar to those used in 248 

residential applications with three exceptions:  249 

(1) The amount of heat and cooling required in industrial processes is much larger.  250 

(2) Heat and cooling needs are often continuous [21], so additional complex control       251 

systems are needed. 252 

(3) Temperature levels required for process heat are often higher, so concentrators and 253 

other advanced technologies are needed to raise the temperature. 254 

3.2.1 Development of solar collectors 255 

A solar collector converts solar irradiation hitting on its surface into thermal by 256 

heating a suitable heat transport medium. This surface is called absorber and is 257 

physically attached to a hydraulic circuit containing the heat transport fluid (HTF). 258 

Each kind of collectors is dedicated for specific applications. For example, flat plate 259 

collectors (FPCs) are properly designed to be used in low-temperature sections and 260 

the concentrating and sun-tracking parabolic trough collectors (PTCs) are suitable for 261 

high-temperature situations in which the system can obtain temperature higher than 262 

250℃ with high efficiency [22]. 263 

S. Kalogirou summarized the three main categories and types of solar collectors 264 

currently used. But not all the collector types presented in Table 5 are suitable for 265 

SHIP as some of them, like the two-axes tracking collectors, are employed for 266 

high-temperature applications such as power generation [18]. 267 

Table 5 Solar collectors [18] 268 

Conventional FPCs and evacuated tube collectors (ETCs) are mostly applied in 269 

industrial processes with low-temperature needs. In order to expand its application 270 

temperature range, some techniques are utilized to improve the performance. Various 271 

advanced designs have been developed for FPC and ETC, such as transparent 272 

insulation material for FPCs (up to 150°C) [23], multiple glazing for FPCs (up to 273 

110°C) [24], or the use of inert gas or an ultra-high vacuum (up to 150°C). Compound 274 

parabolic collectors (CPCs) are fitted behind the vacuum tubes of the ETCs, reflecting 275 

both direct and diffuse sunlight onto the absorber (also called CPC vacuum tubes). 276 

Depending on the absorber and on the effective concentration factor, CPCs can 277 

provide temperatures up to 150℃. These low temperature collectors have already 278 
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reached a high stage of development and can provide heat for low temperature 279 

processes successfully. 280 

For industrial processes requiring medium-temperature solar heat, the application 281 

of concentrating collectors such as parabolic trough collectors (PTCs) and linear 282 

Fresnel reflectors (LFRs) are common. Depending on the absorber and on the 283 

effective concentration factor, these high-concentration collectors can produce 284 

temperatures up to 400°C and are extremely interesting for SHIP. 285 

Considering both the range of process temperature in different industrial sectors [25] 286 

and the most suitable range of operating temperatures of the different collector 287 

technologies, the scheme presented in Fig. 11 summarizes this information and can be 288 

regarded as a preliminary step to define the most suitable technologies for the 289 

operating conditions found on a prescribed project [26]. 290 

 291 

Fig. 11 Solar collectors related to operation temperature and process temperature range in different 292 
industrial branches [26] 293 

Production of process heat in medium and high temperature ranges is foreseen as 294 

an important potential application of solar concentrating technologies. A database has 295 

been fed through an online form, enabling a permanent update by technology 296 

suppliers, to achieve a live database gathering the most updated and relevant technical 297 

information on solar concentrating collectors for medium temperature applications 298 

[27]. 299 

3.2.2 Investment analysis of SHIP 300 

For projects using SHIP, solar thermal collecting parts account for 50%-70% of the 301 

total investment costs, with installation and system integration taking up the 302 

remaining part. When observing the costs of the system components, solar collectors 303 

and the installation takes up 50%, leaving pipes, heat storage and heat exchangers, 304 

control parts and others accounting for 20%, 11%, 5% and the remaining 14%, 305 

respectively (see Fig. 12)[28]. 306 

 307 

Fig. 12 Costs proportion of different components of SHIP [28] 308 

3.2.3 General modes of SHIP 309 

The general modes of SHIP are listed as follows, 310 

(1) Solar industrial hot water. Solar industrial hot water systems requires a 311 

temperature of above 80℃ (in some cases 100-250℃) and reliable operation, and 312 

needs proper integration with industrial processes on the basis of a reasonable initial 313 

investment recovery period. 314 

 (2) Solar industrial steam. Solar industrial steam is mainly used for cleaning, 315 
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sterilizing and high-temperature dehumidification. 316 

(3) Solar drying. Solar drying can be achieved by direct or indirect way in 317 

greenhouse-type, collector-type and greenhouse & collector-combined type drying 318 

systems. 319 

(4) Solar seawater desalination. Solar seawater desalination system can run 320 

independently, unrestricted by steam or electricity, and can be operated in clean ways 321 

without using fossil fuels. 322 

3.2.4 System integration of SHIP 323 

SHIP systems are often divided into direct and indirect systems, and solar heat can 324 

also be used to generate electricity, which in turn delivers services to industrial 325 

processes [29-31]. In IEA Task49 Integration Guideline [32], seven exemplary SHIP 326 

system concepts are given. They cover a wide range of industrial and commercial 327 

applications with liquid and gaseous (steam and air) media. Integration of solar 328 

collectors with conventional energy supplies must be done in a way compatible with 329 

the processes. In general, SHIP system can be integrated in the following three ways, 330 

(1) Directly connecting the low-temperature requirements in parallel with the 331 

existing processes for heating (see Fig. 13) [27];  332 

(2) As a heat source for direct heating of a circulating fluid (e.g. feed-up water, 333 

closed-circuit return water, air preheating) (see Fig. 14) [33]; 334 

(3) As an additional source for pre-heating of supply water for steam boilers (Fig. 335 

15) or directly integrating solar heating into fossil-fueled industrial steam boilers [33]. 336 

 337 

Fig. 13 Possibilities of combining the solar system with the existing heat supply [27] 338 

 339 

Fig. 14 Principles for solar thermal systems for direct heating to process equipment [33] 340 

 341 

Fig. 15 Principles of solar pre-heating of supply water for steam boilers [33] 342 

In addition, in order to make it possible for the system to work in periods of low 343 

irradiation and/or nighttime, solar heat storage becomes the easiest way to accomplish 344 

this (e.g. the system with a storage tank in Fig. 16), which in fact is being widely used 345 

in solar systems nowadays. 346 

 347 

Fig. 16 A solar water heating system with a storage tank [18] 348 
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4. Case studies of SHIP in China 349 

4.1 Case selection 350 

  From November 2015 to August 2016, Shanghai Jiao Tong University, together 351 

with the International Copper Alliance, investigated the utilization of solar heat in 352 

industrial sectors in China. We collected 26 cases, covering the 10 industrial sectors 353 

mentioned in section 2.2 and three other industrial sectors (cement production, sludge 354 

treatment and ice making). Parts of them are described in detail in the following parts 355 

and all of them are briefly listed in Table 7 in section 4.3. 356 

4.2 Case studies 357 

4.2.1 Tobacco industry 358 

China is the world’s first producer and consumer of tobacco, and tobacco taxes 359 

account for around 9% of national tax revenue and about 7.5% of the fiscal revenue. 360 

Tobacco products finally flow to consumers after seven main production processes, as 361 

shown in Fig. 17 The first three processes are mainly powered by high-temperature 362 

steam or hot water, and critical factors like temperature and humidity are controlled 363 

by regulating steam or hot water supply during cut-made process of cigarette, which 364 

highlights the potential application of solar heat in this field. 365 

 366 

Fig. 17 Cigarette production processes [34] 367 

Solar energy has a bright application potential in tobacco industry and solar thermal 368 

can be utilized in this field mainly by the following two means, 369 

(1) Supplying steam by preheating boiler feed-water; 370 

(2) Heat the air in solar heating room through heat radiation and then introduce the 371 

hot air into the curing barn for later use.  372 

Sichuan Tobacco Industry Co., Ltd. Xichang Branch [35] introduced solar energy to 373 

preheat boiler feed-water to reduce boiler energy consumption and production cost. 374 

Considering 100 tons of daily water consumption, water temperature can obtain a lift 375 

of 50℃ by solar preheating, reaching above 80 ℃, and about 0.83 ton of steam is 376 

saved every day. 377 

The Dali cigarette factory in Yunnan province [36] introduced 2,000 m
2
 of 378 

heat-pipe-type all glass evacuated tube solar collectors to supply solar heat to working 379 

pure water in low-temperature range of their tobacco drying system. Solar heat can 380 

also be stored in a storage tank with the volume of 40 tons by means of temperature 381 

cycle. The system was also assisted with an air-source heat pump as auxiliary heat 382 

supply in case of solar heat shortage in rainy days. It is calculated that the system can 383 

save about 1.42 MkWh of power and 5.74×10
2
 tons of standard coal,  384 

simultaneously reducing CO2, SO2 and NOx emissions of around 1.42×10
3
 tons, 11.5 385 
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tons and 8.6 tons respectively every year. 386 

The Luohe cigarette factory in Henan province [37] combined solar energy and 387 

air-source heat pump to supply heat in tobacco drying processes, with CPCs covering 388 

100 m
2
 and three water tank storing excess heat whose volumes are 1 ton, 2 tons and 5 389 

tons, respectively. With CO2 emissions reduction of 450 tons and a static payback 390 

time of only 6 years, the project realized a solar fraction of 60% and saved 12 tons of 391 

standard coal every year. 392 

4.2.2 Food processing industry  393 

Generally in food processing industry, techniques like steaming, boiling, blanching, 394 

drying, cleaning and sterilizing need a lot of heat, which can all be achieved by solar 395 

thermal techniques. In addition, some requirements such as cooling and refrigeration 396 

can be realized by solar-driven absorption chillers. Thus application of solar 397 

application in this field can be classified as food drying, supplying hot water/steam 398 

and ensuring low-temperature storage environment. 399 

In Lequan Food Co., Ltd of Wuhu, Anhui province, a solar concentrated hot water 400 

system totally installed 321.6 m
2 

of evacuated tube collectors (BEST58-1800-20) on 401 

roofs of canteen and office building to preheat boiler water. The project planned a 402 

solar system with lifetime of 15 years and saved 22,000 m
3
 of natural gas and RMB 403 

64,900 of fuel costs, reducing CO2 and SO2 emissions of 58.3 tons and 189.12 kg 404 

respectively every year. The static payback time of the system was estimated at 4.39 405 

years. 406 

A project of wolfberry drying in Ningxia established China’ most advanced, most 407 

energy-saving and highest automated drying line by installing 168 m
2
 of solar 408 

collectors, 14 heat pumps and 7 sensible heat exchangers (see Fig. 18). It is estimated 409 

that the system can reduce coal combustion by 98 tons and save fuel costs of RMB 410 

45,000 per month, with energy saving rate up to 57%, maximum heat recovery rate of 411 

30% by the sensible heat exchangers and CO2 emission reduction by 258 tons, 412 

respectively. 413 

 414 

Fig. 18 Live-action of the wolfberry drying project 415 

4.2.3 Paper industry  416 

China is the second largest paper producer and consumer in the world only after the 417 

USA. Paper industry consumes large amounts of energy and results in serious 418 

pollution. Paper industry involves the following main steps: pulping, papermaking, 419 

blanching, coating and processing. Solar energy is applied in this field mainly in the 420 

form of solar photovoltaics and solar thermal has gotten little application in paper 421 

industry in China until now. However, when investigating the heat demands of 422 

processes like cooking (150-200℃), blanching (30-80℃) and drying, we can find that 423 
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solar thermal can absolutely be employed by means of suppling industrial hot water/ 424 

steam and solar drying to cut use of fossil fuels and reduce emissions of pollutants. 425 

4.2.4 Textile industry 426 

China became world’s largest textile clothing producer and exporter in 1994, 427 

making textile the pillar industry to balance China’s international incomes and 428 

expenses. Considering negative factors like price increase of materials, drawback on 429 

export tax rebates and yuan appreciation and status of high energy consumption, solar 430 

energy as an alternative to fossil fuels is essential in industrial processes. Textile 431 

industry can be classified as textile sector, printing and dyeing sector, chemical fiber 432 

manufacturing sector and textile special equipment manufacturing sector. So far, solar 433 

hot water systems in this field are mostly non-concentrating, suppling warm water of 434 

40-60℃. Medium-temperature tracking and concentrating solar systems have a high 435 

economic efficiency and application value due to their high concentration ratio, large 436 

energy density and real-time tracking. 437 

The hot water project of Jinhao textile industrial park in Shandong province placed 438 

1,250 groups, 8,583 m
2
 of all-glass evacuated tube solar collectors on factory roofs 439 

with 2 tanks both having volume of 150 tons as storage tank and buffer tank to supply 440 

weaving hot water at 60℃ to the dye house (see Fig. 19). Waste heat recovered from 441 

desulfurization power plant acted as the auxiliary heat source. With CO2 emissions 442 

reduction by 2,826 tons and a static payback time of only 2.75 years, the project 443 

obtained a solar fraction of 60% and saved 1,691 tons of standard coal and created 444 

2.43×10
6 

RMB of profit for output value. 445 

 446 

Fig. 19 Live-action of collector arrays (left) and the dye house (right) 447 

In Jinhong printing and dyeing Co., Ltd of Changshu, Jiangsu province, cold water 448 

is preheated by solar energy to temperature above 50℃ and in quick succession 449 

auxiliary heated by steam to the needed temperature. The side-by-side all-glass 450 

evacuated tube collectors were installed on building roofs, covering an area of 7,460 451 

m
2
, and connected to a 150-ton heat storage tank for boiler’s water supply and a 452 

350-ton constant-temperature water tank. With CO2 and SO2 emissions reduction by 453 

3,100 tons and 350 tons respectively and a static payback time of 6 years, the project 454 

realized a solar fraction of 60% and a lifetime of 12 years, and also saved 2,080 tons 455 

of standard coal. Fig. 20 shows the panoramic view of Jinhong printing and dyeing 456 

Co., Ltd. 457 

 458 

Fig. 20 Panoramic view of Jinhong printing and dyeing Co., Ltd 459 
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4.2.5 Chemical industry 460 

Chemical industry is highly energy-consuming and the amount of heat needed is 461 

considerable. According to the temperature range of typical processes shown in Table 462 

6, chemical industry requires heat of relatively high grade supplied by 463 

medium-temperature solar systems. 464 

Table 6 Temperature range of typical chemical processes 465 

Shen et al. [38] proposed a chemical oxidation wastewater treatment system driven 466 

by solar heat and promoted degradation of organic matters difficult to degrade and 467 

mineralize, achieving highly efficient, less residual, low energy-consuming and 468 

secondary pollution free treatment of wastewater. Sui et al. [39] developed a solar 469 

driven integration experimental device for methanol decomposition with thermal 470 

power of 5 kW. The parabolic trough type solar collectors used can provide a reaction 471 

temperature of 200-300℃ and the energy conversion rate of solar-to-chemical can 472 

reach 30%-60%. Kong et al. [40] provided a new thinking and also a physical device 473 

of chemically using solar heat by simultaneously applying solar chemical effect and 474 

thermal effect, and using H2O and CO2 as raw materials to industrially produce 475 

hydrogen or methanol through chemical reactions. In general, the high-grade and 476 

large amounts of steam required in chemical industry can be supplied by the solar 477 

steam system shown in Fig. 21.  478 

 479 

Fig. 21 A industrial solar steam system [40] 480 

4.2.6 Wood-processing industry 481 

Due to high water content of newly cut trees, wood drying becomes an inevitable 482 

step in the subsequent deep processing. Wood drying is a high energy-consuming 483 

process requiring temperature of 50-180℃, which is suitable for the utilization of solar 484 

energy. Taking the intermittence and instability of solar energy into consideration, 485 

Zhang et al. [41] designed a wood drying system combining solar energy and heat 486 

pump dehumidification. The results obtained revealed that the combined drying 487 

system could save energy of 11.8% and 71.2% compared to heat pump drying and 488 

steam drying, respectively, and the drying time could be shorten by 14.9 compared to 489 

that of solar drying. Comprehensively considering energy consumption, drying time 490 

and production efficiency, the combined system is worth recommending [42]. In case 491 

of rainy days, the importance of solar heat storage for wood drying should be stressed 492 

with paraffin as an appropriate phase change material [43]. In Advantech Company of 493 

Suzhou, Jiangsu, a solar wood drying system was built with a 20-ton heat storage tank 494 

and an auxiliary heat pump. The series collectors installed on plant roof cover an area 495 

of 100m
2
 and supply heat of 100℃ to the 400-m

3
 wood drying room, as shown in Fig. 496 
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22. 497 

 498 

Fig. 22 Live-action of the project in Advantech Company of Suzhou 499 

4.2.7 Medical industry 500 

Medical industry is known as the sunrise in China. The sections such as cleaning 501 

and distillation require large amounts of hot water/steam (80-180℃), and in general, 502 

the heat grade can be fulfilled by solar energy. Furthermore, solar high-temperature 503 

water/steam can be utilized to clean and sterilize medical tools like scalpels, utensils 504 

and bottles.  505 

A renovation project of heating system in a pharmaceutical factory of Guangxi 506 

province preferentially use solar heat with steam boiler and recovered heat from 507 

air-conditioner as auxiliary heat sources to meet the heating needs of production and 508 

life, as is schematically shown in Fig. 23. The system could save raw coal and 509 

electricity for drying of 520 kg and 480kWh every day. According to the calculated 510 

250 working days, the project could reduce emissions of coal cinder and CO2 by 36.5 511 

tons and 275 tons respectively each year, showing considerable economic and social 512 

benefits.  513 

 514 

Fig. 23 The schematic diagram of the project in Guangxi province 515 

Note: H-T here means high-temperature and M-T is medium-temperature in Fig. 23. 516 

The solar steam project of Nanjiang pharmaceutical factory in Kunming, Yunnan 517 

province produces solar steam through a device integrating 3800 industrial-grade 518 

solar steam pipes. The solar steam enters the solar boiler for temperature and pressure 519 

regulating, and then runs in parallel with the industrial-boiler steam through steam 520 

pipes. The Phase II project plans to produce 7,700 tons of solar steam, save 1,079 tons 521 

of standard coal for per household and reduce 2,471 tons of CO2 emission. 522 

4.2.8 Plastic and rubber industry 523 

China has experienced rapid development in plastic and rubber industry in recent 524 

years and the energy consumption in this field is equivalent to 4,350 tons of standard 525 

coal in 2013. Li et al. [44] developed a device for natural rubber drying combing 526 

FPCs and ETCs. The outside air is first preheated to 70℃ in the FPCs and further 527 

heated to a final temperature of 110℃ in the ETCs. The hot air is then blown into the 528 

drying room by a fan to complete the drying process. The gas discharged from the 529 

drying room was introduced into the ETCs for reheating, as shown in Fig. 24. Wang et 530 

al. [45] studied application of solar thermal in tire production revealed that the 531 

economic benefit is better than that resulted from using electricity, natural gas and 532 
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coal. 533 

 534 

Fig. 24 Schematic diagram of the solar natural rubber drying device [44] 535 

4.2.9 Oil/natural gas exploitation industry 536 

Liaohe oilfield pioneered the application of solar heating system for crude oil 537 

gathering and transporting in China, which was designed by Shanghai Jiao Tong 538 

University in 2002 [46]. The project combined a small storage tank for quick startup 539 

of the system with a large hot storage tank for excess heat storage to extend the 540 

heating time and optimize the efficiency of the system. South China University of 541 

Technology developed a solar-heating and energy-saving system for crude oil 542 

gathering and transporting in 2004 [47] and put it into use in Xinglongtai oil 543 

extraction plant belonged to Liaohe oilfield. The system indirectly heats the crude oil 544 

through the heat exchange between high-temperature water and low-temperature 545 

crude oil in water/crude oil heat exchanger. The low-temperature water out from the 546 

heat exchanger flows back to the water storage tank and is then pumped into the solar 547 

collector arrays for reheating. The results revealed a maximum crude oil temperature 548 

of 83℃ in case of solar heating only. When solar radiation is insufficient, the auxiliary 549 

combustor and water-jacket furnace can heat the crude oil secondarily (see Fig. 25). 550 

The system can save 30%, i.e. 900-1,200m
3
of natural gas for the oilfield every day. 551 

 552 

Fig. 25 Schematic diagram of the solar heating crude oil gathering and transporting system [47] 553 

4.2.10 Metal products industry 554 

Solar heat can be applied in metal surface treatment processes such as 555 

electroplating and cleaning, and also for metal parts and coins cleaning. The Jiayou 556 

electroplating factory located in Yuhuan county, Zhejiang province utilizes solar heat 557 

as the primary energy supply in electroplating and completely replaces the coal-fired 558 

boiler through the following measures, 559 

(1) Using ‘solar energy & dual-source (air-source and water-source) hot water unit’ 560 

to carry out the water heating in low-temperature section. When working at the return 561 

water temperature, i.e. 50℃, the solar heating system heats the water to a temperature 562 

of 65℃. 563 

(2) Using ‘solar energy & dual-source hot water unit & electric assisted heating’ to 564 

achieve the water heating in high-temperature section. When operated at the 565 

temperature of 60℃, the solar heating system lifts the water temperature to 75-90℃ 566 

assisted by electric heating. 567 

(3) Heat storage. Using large metal cans to store the solar hot water for subsequent 568 

heating. 569 
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The project can reduce emissions of carbon dust, CO2, SO2 and NOx by 390 tons, 570 

1,400 tons, 45 tons and 22 tons each year, respectively, and reveals obvious 571 

environmental benefits. 572 

4.2.11 Other industrial sectors 573 

In addition to the above-described sectors, solar heat can also be utilized in cement 574 

production, mining, wastewater treatment, seawater desalination, refrigeration, 575 

ice-making and so on. For example, Jiujiu cement factory in Xuzhou, Jiangsu 576 

province uses solar collectors of 129.6 m
2
 and a 17.7 kW air-source heat pump to 577 

replace the original boiler equipment. The change annually saves 210 tons of standard 578 

coal and reduces CO2, SO2, NOx and dust emissions by 558 tons, 1.47 tons, 0.76 ton 579 

and 5.03 tons, respectively; the sewage treatment plant in Dezhou, Shandong province 580 

uses 8,400 evacuated tubes to collect solar heat for their sludge drying; a system in 581 

Tai’an, Shandong province combines medium-temperature solar collectors and 582 

ammonia absorption refrigeration to produce 1.5-2 tons of ice and refrigerate 120 tons 583 

of vegetables every day. 584 

4.3 Summary of selected cases 585 

Summative information of the selected 26 cases is listed in Table 7. All of the 586 

cases are in good conditions and have achieved excellent economic and social benefits. 587 

It can be seen through these cases that applications of SHIP have developed rapidly 588 

and promisingly in China.  589 

Table 7 Selected cases of SHIP in various sectors 590 

Note: * means data unavailable 591 

5. Prospects of SHIP in China 592 

According to section 1, it is alarming that industry becomes China’s biggest 593 

pollution source by taking up about 70% of the total energy consumption and with 594 

coal meeting its main energy demand. In order to cope with climate changes and to 595 

promote China’s economic growth and energy security, a low-carbon economy should 596 

be built and expanded [48], thus making industry bear the brunt of carrying out 597 

energy saving and low-carbon strategy. China is rich in solar energy with its 2/3 598 

territory area receiving 2,200 hours of sunshine per year. It is estimated that the yearly 599 

amount of solar radiation all over China reaches 3.35×10
3
~8.40×10

3
 MJ/m

2
, and the 600 

average value is 5.86×10
3
 MJ/m

2
. Based on the above, utilizing solar energy for 601 

industry and SHIP has great potential and is an inevitable tendency in China.  602 

Based on the aforementioned information of the selected industrial sectors, the 603 

corresponding heat consumption is quite different due to their specific internal 604 

processes. Meanwhile, different industrial sectors require specific solar technologies 605 

and the heating proportion that can be supplied by solar heat differs. By making the 606 

proportion taken up by solar heat in industrial sectors tobacco, textile, medical, food 607 
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processing, paper, wood processing, chemical, plastic and rubber, oil/ crude gas 608 

exploitation and fabricated metal products be 10%, 30%, 10%, 30%, 20%, 20%, 5%, 609 

10%, 5% and 5%, respectively, the potential benefits resulted by these proportions of 610 

solar heat are shown in Table 8 below. It can be seen from Table 8 that by calculating 611 

based on the statistics in 2013, the aforementioned 10 industrial sectors can save 612 

around 4.24×10
7
 tons of standard coal (equivalent to 3.45×10

12
 kWh of electricity), 613 

which takes up 5.5% of the total energy consumption (equivalent to 7.65×10
8
 tons of 614 

standard coal) in the 10 industrial sectors. 615 

Table 8 Potential benefits from solar heat potential for industrial processes 616 

Note: Based on data from National Bureau of Statistics of China of 2013. 617 

The total industrial energy consumption in China increased by 39.1% from 2008 to 618 

2013, with yearly growth rate averaged 7.8%. Based on this growth rate, if we 619 

optimistically put the solar heating proportion of total industrial energy consumption 620 

an estimated 5.5%, the predicted benefits will be considerable, as is shown in Table 9 621 

and Fig. 26, from which we can find that by 2020, CO2 emission can be reduced by 622 

about 2.7×10
8
 tons, and nearly 1.1×10

8
 tons of standard coal can be saved. 623 

Table 9 Predicted information by the estimated proportion of 5.5% 624 

 625 

Fig. 26 The predicted information by the estimated proportion of 5.5% 626 

In general cases, solar heat can meet at least 2% of the industrial energy demand. 627 

Despite the small proportion, the resulting environmental and economic benefits will 628 

are attractive, which are presented. It can be seen in Fig. 27 and Table 10 that at least 629 

39.40 million tons of coal equivalent and 98.22 million tons of CO2 emission can be 630 

reduced in 2020 in China’s entire industrial sectors although solar supplies different 631 

proportions of heat demand in different industrial sectors. 632 

Table 10 Predicted information by the estimated proportion of 2% 633 

 634 

Fig. 27 The predicted information by the estimated proportion of 2% 635 

  It can be seen from the aforementioned review that solar heat has broad market 636 

capacity and precious value in industrial processes, and is also of great significance to 637 

China's energy conservation and emissions reduction. Renewable energy especially 638 

solar energy, have been paid more and more attention to due to the fog and haze 639 

weather frequently happening in China in recent years caused by the inappropriate 640 

energy structure. SHIP is rapidly developing in China and will become an important 641 

sector encouraged by the domestic policies. 642 
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6. Perspectives and conclusions 643 

As the biggest developing country in the world, China has been experiencing high 644 

energy consumption and industry accounts for almost 70%. Furthermore, the industry 645 

energy consumption is mainly provided by fossil fuels, which also brings about 646 

violent impacts on the environment. China has abundant solar energy, and considering 647 

the advantages solar energy, application of SHIP is a key issue for Chinese sustainable 648 

policy goals. The application of SHIP in China is developing rapidly, covering various 649 

industrial sectors. The projects of SHIP are in good conditions, and have achieved 650 

excellent economic and social benefits. 651 

However, there is much more potential for SHIP in China. The results of case 652 

studies in this paper show that at least 39.40 million tons of coal equivalent and 98.22 653 

million tons of CO2 emission can be reduced in 2020 in China’s entire industrial 654 

sectors although solar supplies different proportions of heat demand in different 655 

industrial sectors. Significant work is still required before SHIP is really widely 656 

adopted and effectively operated in industry worldwide. Some perspectives with 657 

regard to solar energy use in SHIP are suggested, 658 

(1) Strengthen policy supports. The government should introduce policies to 659 

support and promote the projects of SHIP, and establish relevant funds to subsidize 660 

and motivate such projects. In this phase, clear policies are urgently needed to make 661 

SHIP basic industrial requirements and to protect the equality of development for 662 

those underfunded but energy-intensive industrial enterprises. 663 

(2) Establish related standards and procedures. Up to now, only a handful of 664 

engineering centers and research institutions have the installation experience of SHIP 665 

projects. Relevant technical standards and engineering specifications do not exist or 666 

are not identical to guide the practice of SHIP. Professional boards, authorities, testing 667 

and certification bodies should work together to establish related standards and 668 

procedures, and at the same time help related departments supervise and urge 669 

industrial enterprises to obey the standards and procedures. 670 

(3) Update relevant technologies and lower investment costs. To some extent, the 671 

high costs of relevant system and the imperfect technologies hinder the development 672 

of SHIP in China and other regions. Industry-university-research cooperation and 673 

other feasible ways should be pursued to update technologies and lower investment 674 

costs. 675 

(4) Develop proper business models for SHIP. The high upfront costs, long payback 676 

time of SHIP make it important for industrial enterprises to choose the right business 677 

model when they are renovating their factory for energy saving. Proper business 678 

models help enterprises a lot in reducing investment costs, in improving the efficiency 679 

of energy conservation transformation and in shortening the payback period. Energy 680 

Performance Contracting (EPC) and Build-Operate-Transfer (BOT) are two common 681 

available business models for industrial enterprises when they are considering SHIP in 682 
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their future development. 683 

Acknowledgement 684 

The authors thank a lot to the help and collaboration of the International copper 685 

alliance, as well as the support of the National Science Foundation under contract 686 

No.51476099. 687 

References 688 

[1] BP: Statistical Review of World Energy, London, 2016 http://www.bp.com 689 

[2] Energy Technology Perspectives 2012-Pathways to a Clean Energy System. Int. Energy 690 

Agency (2012) 691 

[3] Renewable Energy in Manufacturing-A technology roadmap for REmap 2030. The 692 

International Renewable Energy Agency, 2014: 6. 693 

[4] China statistical yearbook, Beijing: the State Statistical Bureau, 2015. 694 

[5] China statistical yearbook, Beijing: the State Statistical Bureau, 2008-2013. 695 

[6] National Bureau of Statistics of China. http://www.stats.gov.cn/tjsj/ 696 

[7] Solar heat worldwide 2016. http://www.iea-shc.org/solarshc.org/solar-heat-worldwide 697 

[8] China Renewable Energy Development Roadmap2050. http://www.cnrec.org.cn/cbw/zh/2014            698 

-12-25-456.html 699 

[9]  Technology Roadmap - Solar Heating and Cooling, International Energy Agency (2012) 700 

[10] http://www.solarthermalworld.org/content/chile-president-inaugurates-solar-field-275-mwth 701 

[11] http://www.solarthermalworld.org/content/usa-contractor-runs-7804-m2-collector-system-pr 702 

estage-foods-factory 703 

[12] Solar Heat for Industrial Production Processes. http://www.aee-intec.at/  704 

[13] http://www.solarthermalworld.org/content/jordan-fresnel-collectors-supply-160-degc-steam-p 705 

harmaceuticals-producer-ram-pharma 706 

[14] http://www.solarthermalworld.org/content/brazil-process-heat-17-total-sales-2014 707 

[15] http://www.solarthermalworld.org/content/italy-solar-steam-cheese-production  708 

[16] http://www.solarthermalworld.org/content/oman-construction-starts-worlds-largest-solar-ste 709 

am -power-plant-miraah 710 

[17] Ecoheat & Power: The European Heat Market, Final Report of the European Project 711 

Ecoheatcool, 2006, http://www.euroheat.org/. 712 

[18] Kalogirou S. The potential of solar industrial process heat applications. Applied Energy, 2003, 713 

76(4): 337-361. 714 

[19] Philibert C, Agency I E. Solar energy perspectives [M]. OECD/IEA, 2011. 715 

[20] IEA-SHC (2013), “Executive Summary: Solar Cooling Position Paper”, Task 38: Solar 716 

Air-Conditioning and Refrigeration, December 2013. 717 

[21] Saygin D, Patel M K, Worrell E, et al. Potential of best practice technology to improve energy 718 

efficiency in the global chemical and petrochemical sector. Energy, 2011, 36(9):5779-5790. 719 

[22] Mekhilef S, Saidur R, Safari A. A review on solar energy use in industries. Renewable and 720 

Sustainable Energy Reviews, 2011, 15(4): 1777-1790. 721 

[23] Beikircher T, Osgyan P, Reuss M, et al. Flat Plate Collector for Process Heat with Full 722 

Surface Aluminium Absorber, Vacuum Super Insulation and Front Foil [J]. Energy Procedia, 723 

2014, 48:9-17. 724 

[24] Foeste S, Giovannetti F, Ehrmann N, et al. Performance and Reliability of a High Efficiency 725 

http://www.bp.com/statisticalreview
http://www.bp.com/
http://www.stats.gov.cn/tjsj/
http://www.iea-shc.org/solarshc.org/solar-heat-worldwide
http://www.cnrec.org.cn/cbw/zh/2014%20%20%20%20%20%20%20%20%20%20%20%20-12-25-456.html
http://www.cnrec.org.cn/cbw/zh/2014%20%20%20%20%20%20%20%20%20%20%20%20-12-25-456.html
http://www.solarthermalworld.org/content/chile-president-inaugurates-solar-field-275-mwth
http://www.solarthermalworld.org/content/usa-contractor-runs-7804-m2-collector-system-pr%20estage-foods-factory
http://www.solarthermalworld.org/content/usa-contractor-runs-7804-m2-collector-system-pr%20estage-foods-factory
http://www.aee-intec.at/
http://www.solarthermalworld.org/content/jordan-fresnel-collectors-supply-160-degc-steam-p%20harmaceuticals-producer-ram-pharma
http://www.solarthermalworld.org/content/jordan-fresnel-collectors-supply-160-degc-steam-p%20harmaceuticals-producer-ram-pharma
http://www.solarthermalworld.org/content/brazil-process-heat-17-total-sales-2014
http://www.solarthermalworld.org/content/italy-solar-steam-cheese-production
http://www.solarthermalworld.org/content/oman-construction-starts-worlds-largest-solar-ste%20am%20-power-plant-miraah
http://www.solarthermalworld.org/content/oman-construction-starts-worlds-largest-solar-ste%20am%20-power-plant-miraah
http://www.euroheat.org/


 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

21 
 

Flat Plate Collector – Final Results on Prototypes [J]. Energy Procedia, 2014, 48:48-57. 726 

[25] Lauterbach C, Schmitt B, Jordan U, et al. The potential of solar heat for industrial processes 727 

in Germany. Renewable and Sustainable Energy Reviews, 2012, 16(7): 5121-5130. 728 

[26] IEA/SHC Task49: Process Heat Collectors: State of the Art and available medium 729 

temperature collectors. 730 

[27] S. Kalogirou. Solar thermal collectors and applications. Progress in Energy & Combustion 731 

Science, 2004, 30(3):231-295. 732 

[28] IRENA. Solar Heat for Industrial Processes. 2015 733 

[29] Hess S, Axel O. Solar Process Heat Generation: Guide to Solar Thermal System Design for 734 

Selected Industrial Processes. SO-PRO Project, OÖ Energiesparverband, Linz, Austria, 2012. 735 

[30] Hafner B, Stoppok O, Zahler C, et al. Development of an integrated solar-fossil powered 736 

steam generation system for industrial applications. Energy Procedia, 2014, 48: 1164-1172. 737 

[31] Morrison AS, Walmsley MRW, Neale JR, et al. Non-continuous and variable rate processes: 738 

Optimisation for energy use. Asia-Pacific Journal of Chemical Engineering, 2007, 739 

2(5):380-387. 740 

[32] IEA/SHC Task49: Integration Guideline. http://www.solarthermalworld.org/sites/gstec/files/ 741 

news/file/2016-02-17/iea_task_49_integration_guideline-february_2015.pdf  742 

[33] IEA-ETSAP and IRENA Technology Brief E21: Solar Heat for Industrial Processes. 2015.01. 743 

http://www.irena.org/DocumentDownloads/Publications/IRENA_ETSAP_Tech_Brief_E21_744 

Solar_Heat_Industrial_2015.pdf  745 

[34] Chen Z, Cui GX, Liu YM, et al. 卷烟生产线优化调度仿真系统研究 [Research on 746 

optimization Scheduling Simulation System of Cigarette Producing Line], The Symposium 747 

on Global Manufacturing &Simulation Technology of the 21st century, Guizhou, China, 2004 748 

[in Chinese] 749 

[35] Cao M. 太阳能光热技术在卷烟生产中的应用 [Application of solar thermal technologies 750 

in cigarette production]. Science & Technology Information 2012, No.26 [in Chinese] 751 

DOI:10.16661/j.cnki.1672-3791.2012.26.042 752 

[36] Gu S, Wang XC. Technology analysis of solar drying projects in Dali Cigatette Factory. 753 

http://www.catif.com/show.asp?newid=28863 [in Chinese] 754 

[37] Chen X. Application of solar drying system in tobacco drying processes. 755 

http://www.cstif.com/html/newsshow24952.html [in Chinese] 756 

[38] Shen ZM, Xu JL, Tang QL, et al., Faming Zhuanli Shenqing Gongkai Shuomingshu, CN 757 

103663668A, 2014-03-26 [in Chinese] 758 

[39] Sui J, Jin HG, Zheng DX, et al. 太阳能甲醇分解吸收-反应器研制与实验研究[Design and 759 

experimental investigation of a receiver-reactor for solar methanol decomposition]. Journal of 760 

engineering thermophysics, 2008,6(4):184-189 [in Chinese] 761 

[40] Kong QQ, et al. Faming Zhuanli Shenqing Gongkai Shuomingshu, CN 1962413A, 762 

2007-05-16 [in Chinese] 763 

[41] Zhang BG, Gao JM, Yi SL, et al. 我国木材干燥节能减排技术研究现状 [The present 764 

research situation of soalt –heat pump and heat pipe technology on lumber drying in China]. 765 

Journal of North China Electric Power University 2009; 36(3): 38-42 [in Chinese] 766 

[42] Xu CX, Zhang BG, Yi SL, et al. 太阳能与热泵联合干燥木材特性的实验研究 767 

[Experimental research of the characteristic of the combination drying with solar ienergy and 768 

heat pump]. Drying Technology & Equipment 2008; 6(4): 184-189 [in Chinese] 769 

[43] Feng XJ, Yi SL, Zhang BG, et al. 太阳能相变储热在木材干燥中应用的初步研究 [A 770 

http://www.solarthermalworld.org/sites/gstec/files/%20news/file/2016-02-17/iea_task_49_integration_guideline-february_2015.pdf
http://www.solarthermalworld.org/sites/gstec/files/%20news/file/2016-02-17/iea_task_49_integration_guideline-february_2015.pdf
http://www.irena.org/DocumentDownloads/Publications/IRENA_ETSAP_Tech_Brief_E21_Solar_Heat_Industrial_2015.pdf
http://www.irena.org/DocumentDownloads/Publications/IRENA_ETSAP_Tech_Brief_E21_Solar_Heat_Industrial_2015.pdf
http://www.catif.com/show.asp?newid=28863
http://www.cstif.com/html/newsshow24952.html


 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

22 
 

preliminary study on solar latent heat storage in wood drying]. Chemical Engineering & 771 

Machinery 2009; 36(3): 205-210 [in Chinese] 772 

[44] Li JB, Hao WJ, Deng GX, et al. Faming Zhuanli Shenqing Gongkai Shuomingshu, CN 773 

201837200, 2011-05-18 [in Chinese] 774 

[45] Wang QY, Wang HX, Zhang XJ, et al. 太阳能在轮胎生产过程中的应用 [Application of 775 

solar energy in tire manufacturing process]. China Rubber/Plastics Technology and 776 

Equipment 2011; 37(8): 10-13 [in Chinese] 777 

[46] Wang XS, Wang RZ, Wu JY, et al. 太阳能加热输送原油系统应用研究 [Research on 778 

application of solar heating transporting system of crude oil]. Oil & Gas Storage and 779 

Transportation 2004; 32(7): 41-45 [in Chinese] 780 

[47] Chen YG, Yu YH, Li SL. 原油集输太阳能加热节能技术的应用 [Application of solar 781 

heating and energt saving technologies in crude oil gathering and transportation]. Petroleum 782 

Engineering Construction 2005; 31(1): 72-74 [in Chinese] 783 

[48] Jiang B, Sun Z, Liu M. China's energy development strategy under the low-carbon economy. 784 

Energy, 2010, 35(11): 4257-4264. 785 



 

Figure 1  Share of the total final energy consumption by region



 

Figure 2 Industrial consumption of the year 2008~2013 in China



 

Figure 3 China's energy consumption structure by fuel types



 

Figure 4 China's energy consumption structure by industrial sect



 

Figure 5 Share of the total capacity of solar collectors



 

Figure 6 Capacity s of newly installed solar collectors in 2014



 

Figure 7 Potential for SHIP worldwide



 

Figure 8  Global solar process heat applications in operation



 

Figure 9  Location of reported SHIP applications



 

Figure 10 Energy consumption proportion of the selected



 

Figure 11 Solar collectors related to operation temperature



 

Figure 12 Costs proportion of different components of SHIP



 

Figure 13 Possibilities of combining the solar system



 

Figure 14 Principles for solar thermal systems



 

Figure 15 Principles of solar pre-heating



 

Figure 16 A solar water heating system with a storage tank
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Figure 17 Cigarette production processes



 

Figure 18 Live-action of the wolfberry drying project



 

 

Figure 19 Live-action of collector arrays (left)



 

Figure 20 Panoramic view of Jinhong printing
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Figure 21 A industrial solar steam system



 

Figure 22  Live-action of the project in Advantech Company of Su
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Figure 23 The schematic diagram of the project in Guangxi
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Figure 24 Schematic diagram of the solar natural
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Figure 25 Schematic diagram of the solar heating crude oil gathe



 

Figure 26 The predicted information by the estimated 5.5%



 

Figure 27 The predicted information by the estimated 2%



Type Sales volume (×10
6
 m

2
) Proportion (%) 

Evacuated tube collector and system 38 87.36 

Flat-plate collector and system 5.5 12.64 

Total collector and system 43.5 100 

Engineering market 26.535 61 

Retail market 16.965 39 

Total output value 6.52×10
11

 yuan -17.0 

 

Table 1 Key data of China's solar industry in 2015



Year Newly installed in 2015 Totally installed 

Total capacity (×10
6
 m

2
)  43.5 442 

Standard coal saving (×10
6
 tons) 52.2 530.4 

Corresponding power saving (GWh) 30.45 309 

SO2 reduction (×10
6
 tons) 0.21 2.137 

Soot reduction (×10
6
 tons) 0.163 1.666 

CO2 reduction (×10
6
 tons) 14.0 142.32 

 

Table 2 China's energy-saving and emission-reduction



Industrial sectors 
Number of 

Enterprises 

Main business income 

(billion yuan) 

Energy consumption 

(million tons of standard coal) 

Tobacco 135 829.27 2.56 

Textile 20776 3616.06 73.66 

Medical 6525 2059.29 21.79 

Food 23080 5949.71 39.05 

Paper 7213 1347.16 41.53 

Wood 8766 1202.19 15.22 

Chemical 24211 7632.98 440.81 

Plastic and Rubber 16692 2731.06 43.50 

Fabricated metal products 18934 3284.30 47.04 

Oil exploitation 138 1169.11 40.88 

 

Table 3 Status of selected industrial sectors in 2013



Industry Process Temperature(℃) 

Dairy 

Pressurisation 60–80 

Sterilisation 100–120 

Drying 120–180 

Concentrates 60–80 

Boiler feed water 60–90 

Tinned food 

Sterilisation 110–120 

Pasteurisation 60–80 

Cooking 60–90 

Bleaching 60–90 

Textile 

Bleaching, dyeing 60–90 

Drying, degreasing 100–130 

Dyeing 70–90 

 

Fixing 160–180 

Pressing 80–100 

Paper 

Cooking, drying 60–80 

Boiler feed water 60–90 

Bleaching 130–150 

Chemical 

Soaps 200–260 

Synthetic rubber 150–200 

Processing heat 120–180 

Pre-heating water 60–90 

Meat 
Washing, sterilisation 60–90 

Cooking 90–100 

Beverages 
Washing, sterilisation 60–80 

Pasteurisation 60–70 

Flours and by-products Sterilization 60–80 

Timber by-products 

Thermo-difussion beams 80–100 

Drying 60–100 

Pre-heating water 60–90 

Preparation pulp 120–170 

Bricks and blocks Curing 60–140 

Plastics 

Preparation 120–140 

Distillation 140–150 

Separation 200–220 

Extension 140–160 

Drying 180–200 

Blending 120–140 

 

Table 4 Temperature ranges for different industrial processes



Motion Collector type 
Absorber 

type 

Concentration 

ratio 

Indicative temperature 

range (℃) 

Stationary 

Flat plate collector (FPC) Flat 1 30–80 

Evacuated tube collector (ETC) Flat 1 50–200 

Compound parabolic collector (CPC) Tubular 1–5 60–240 

Single-axis 

tracking 

Fresnel lens collector (FLC) Tubular 10–40 60–250  

Parabolic trough collector (PTC) Tubular 15–45 60–300 

Cylindrical trough collector (CTC) Tubular 10–50 60–300 

Two-axes 

tracking 

Parabolic dish reflector (PDR) Point 100–1000 100–500 

Heliostat field collector (HFC) Point 100–1500 150–2000 

 

Table 5 Solar collectors



Chemical processes Temperature range ( ℃ ) 

Boiling 95-105 

Distillation 110-300 

Other chemical processes 120-180 

 

Table 6 Temperature range of typical chemical processes



Field Processes Collectors Area (m2) Set temperature (℃ ) Location 

Tobacco 
Drying ETC 2,000 42 Dali, Yunnan 

Drying CPC 100 * Luohe, Henan 

Food 

processing 

Preheating ETC 321.6 70 Wuhu, Anhui 

Cleaning FPC 1,680 55 Xiangtan, Hunan 

Preheating ETC 1,450 75 Weifang Zhucheng, Shandong 

Cleaning ETC * 85 Kunming, Yunnan 

Drying ETC 26.91 * Xinglong, Hainan 

Drying Air-medium 168 * Ningxia 

Preheating ETC 2,830 70 Weihai, Shandong 

Drying Air-medium * 60 Qingdao, Shandong 

Textile 

Dyeing ETC 8,583 60 Liaochen Chiping, Shandong 

Cleaning ETC 5,344 60 Wuhu Nanling, Anhui 

Preheating ETC 7,460 50 Changshu, Jiangsu 

Dyeing ETC 5,600 45-120 Weifang Zhucheng, Shandong 

Preheating ETC 50,000 60 Shaoxing, Zhejiang 

Wood 

processing 

Preheating ETC 1,440 70 Linyi, Shandong 

Drying ETC 100 100 Suzhou, Jiangsu 

Medical Cleaning ETC 240 * Shanghai 

Oil 

exploitation 
Heating ETC 392 50 Panjin, Liaoning 

Fabricated 

metal 

Electroplating FPC 2,320 65-90 Yuhuan, Zhejiang 

Washing FPC 380 40 Qingdao, Shandong 

Washing ETC 2,640 * Shanghai 

Thermal 

power plant 
Preheating ETC * * Taicang, Jiangsu 

Cement 

production 
Steam curing ETC 129.6 * Xuzhou, Jiangsu 

Sludge 

treatment 
Sludge drying ETC * * Dezhou, Shandong 

Ice making Ice making ETC 60 120 Taian, Shandong 

 

Table 7 Selected cases of SHIP in various sectors



Industrial sectors 

Energy 

consumption (104 

tons of standard 

coal) 

Heat 

consumption 

(104 tons of 

standard coal) 

Saving coal if heat 
consumption met by solar CO2 emission 

reduction 

(104 tons) 

Areas of 

collector 

demanded 

(104 m2) percentage 
(104 tons of 

standard coal) 

Tobacco 255.72 72.77 10% 7.28 18.14 40.09 

Food 3904.82 2458.38 30% 737.51 1838.62 4062.50 

Paper 4153 3917.39 20% 783.48 1953.21 4315.68 

Textile 7365.72 2165.24 30% 649.57 1619.39 3578.08 

Chemical 44081.46 30747.94 5% 1537.40 3832.73 8468.53 

Wood 1521.85 972.75 20% 96.15 239.71 529.65 

Medicine 2179.11 1098.01 10% 109.80 273.73 604.82 

Plastic and Rubber 4350.01 972.75 10% 97.27 242.51 535.83 

Oil exploitation 4008.42 3637.13 5% 181.86 453.37 1001.73 

Fabricated metal 4704.49 844.11 5% 42.21 105.22 232.48 

Total 76524.6 46394.49 4242.53 10576.63 23369.39 

 

Table 8 Potential benefits from solar heat



Year 
Total industrial energy 

consumption (×104 

tons of standard coal) 

The amount of coal 

saved (×104 tons of 

standard coal) 

CO2 emission 

reduction 

 (×104 tons) 

Area of solar 

collectors needed-A 

(×104 m2) 

Yearly 

growth of A 

(×104 m2) 

2016 364,707.07 8,023.56 20002.72 49795.79 3603.03 

2017 393,154.22 8,649.39 21562.94 53679.86 3884.07 

2018 423,820.25 9,324.05 23244.85 57866.89 4187.03 

2019 456,878.23 10,051.32 25057.94 62380.51 4513.62 

2020 492,514.73 10,835.32 27012.46 67246.19 4865.68 

 

Table 9 Predicted information by the estimated  5.5%



Year 
Total industrial energy 

consumption (×104 

tons of standard coal) 

The amount of coal 

saved (×104 tons of 

standard coal) 

CO2 emission 

reduction 

 (×104 tons) 

Area of solar 

collectors needed-A 

(×104 m2) 

Yearly 

growth of A 

(×104 m2) 

2016 364,707.07 2917.66 7273.72 18107.56 1310.19 

2017 393,154.22 3145.23 7841.07 19519.95 1412.39 

2018 423,820.25 3390.56 8452.67 21042.51 1522.56 

2019 456,878.23 3655.03 9111.98 22683.82 1641.32 

2020 492,514.73 3940.12 9822.71 24453.16 1769.34 

 

Table 10 Predicted information by the estimated  2%




