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16 Abstract:

17

18 Currently in China, the replacement of coal-fired boilers by clean and renewable 

19 energy sources is considered as an essential measure to alleviate air pollution. This 

20 paper investigates the thermo-economic performance of replacing a coal-fired boiler 

21 by a Groundwater Heat Pump (GWHP) system for a greenhouse, where the GWHP 

22 system was constructed to reduce emission and also to provide cooling. The operation 

23 of this system has been monitored over a one–year period. The results show that the 

24 thermal efficiency factor of the boiler varies in the range of 0.53-0.68 and the 

25 coefficient of performance (COP) of the GWHP system averages at 4.1 for cooling 

26 and at 3.3 for heating. Although the boiler has both lower capital costs and lower 

27 operating costs, the analysis of average energy price (AEP) shows that the GWHP 

28 system has a higher economic performance, since it has a lower AEP of 0.049-0.081 

29 USD /kWh in heating and 0.029-0.061 USD/kWh in cooling, in comparison to the 

30 boiler at 0.053-0.084 USD/kWh. This shows that GWHP system may be cost 
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31 effective over traditional boilers for applications in other places of the world with 

32 similar climate condition. 

33

34 Keywords: Greenhouse heating and cooling, Air-conditioning system, Boiler heating, 

35 Groundwater-heat-pump system, Thermo-economic performance

36

37 1 Introduction

38

39 In recent years, the high emission from coal burning and resulting air quality issues 

40 are attracting a lot of public attention in China [1]. Many strategies have been 

41 proposed or developed to alleviate its environmental impact. One of the effective 

42 solutions is to reduce the emission by switching the fossil-fuel based heating systems 

43 to a renewable energy based source [2]. Besides the environmental effects, thermo-

44 economic performance is the key to the implementation and public acceptance of the 

45 transition [3]. Among all the emerging techniques, ground source heat pump (GSHP) 

46 system was considered to have high potential as a clean energy alternative to the 

47 conventional fossil-fuel system in space heating and cooling [4]. GSHP system 

48 delivers very high thermal efficiency by coupling the subsurface as the heat source in 

49 winter and heat sink in summer [5]. However, for large-scale greenhouses that 

50 imposes a high thermal demand, the capital costs of GSHP systems remains higher 

51 than that of the traditional boilers [6]. Thus, both thermal and economic performance 

52 should be carefully examined for a system replacement. 

53

54 As a mature technology, the performance of boiler system is well investigated.  

55 Wang et al. conducted an economic analysis of a field monitored boiler heating 

56 system in New York State (NYS), USA [7]. The results indicated that the boiler 

57 system stays with different thermal efficiency and fuel price. It is thermo-

58 economically possible to replace the oil heating by wood pellet heating with 

59 considering the seasonal efficiency of 75.8% and the fuel price at that time in NYS. 

60 Kattan and Ruble analyzed four different boilers for residential heating in Lebanon 
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61 [8]. Their results showed that the electric boiler system had the highest polluting and 

62 lowest cost-effective system over its lifetime. In Comparison, olive husks, liquefied 

63 petroleum gas and diesel-powered boiler systems stay at nearly equal average energy 

64 prices that is lower than the electric boiler over the lifetime. The coal-fired boiler was 

65 populated and widely used for heating due to its easy installation and operation [9]. 

66 Boiler thermal efficiency varied widely between 0.6 and 0.8 by different designs of 

67 combustion chamber and system exergy [10, 11]. On the other side, it has been 

68 identified that the coal-fired boilers contribute significantly to air pollution and CO2 

69 emission [12]. 

70

71 On the clean energy side, the groundwater heat pump (GWHP) system is a type of 

72 GSHP systems with both high thermal and economic performance [13, 14]. Boon et 

73 al. implemented an experimental investigation on the open-loop GWHP system [15]. 

74 The Seasonal Performance Factor (SPF) was measured of 4.5 during the monitoring 

75 period. The changes in ground temperature vary between 2°C and 4°C at different 

76 seasons. It was indicated that the aquifers hold a huge potential for the city’s heating 

77 and cooling demand by using the GWHP system. Zhen et al. investigated a solar-

78 assisted GWHP system for the heating system of an airport in Tibet, China [16]. 

79 Thermal performance analyses showed that the coefficient of performance (COP) is 

80 about 5.0, which is much higher in comparison to conventional heating technologies 

81 in this region. It is well recognized that the availability of groundwater and subsurface 

82 permeability have significant impacts on the circulating flow rate, which in turn affect 

83 the efficiency of heat transfer of the GWHP systems [17]. An aquifer with high 

84 porosity and hydraulic conductivity was expected to have a high potential for GWHP 

85 installation [18]. From the above studies, it is also known that the thermo-economic 

86 performance of a boiler system related closely to the capital costs, thermal efficiency 

87 and fuel prices. In general, a boiler system stay rather low capital costs and the 

88 operating costs were sensitive to the price of fuel [19]. Compared to a boiler system, 

89 the GWHP system can commonly achieve higher thermal performance, but also 

90 higher capital costs [20]. Therefore, the system installation, system operation and 
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91 thermal efficiency should be considered in order to achieve a successful transition 

92 from a boiler to a GWHP based system.

93

94 In the context of emission reduction, this case study focuses on a greenhouse in 

95 Zhongxiang county of Hubei province, China. There the original coal-fired boiler was 

96 replaced by a GWHP system in 2017. This study aims at examining the installation 

97 and operation of both systems to understand the performance difference and its origin. 

98 A thermo-economic comparison is made for both the boiler and the GWHP system. 

99 The manuscript is organized as follows. In section 2, the geological setting and the 

100 climatic conditions of the study area are characterized. In addition, the components 

101 and configuration of both systems are introduced, followed by the monitoring setup of 

102 the system the examination of its thermal performance. The economic performance of 

103 the system operation was assessed by considering the capital costs, operating costs 

104 and covered thermal loads of both systems in section 3. Lastly, the conclusions of this 

105 study are made in section 4. 

106

107 2 Materials and study methodology

108

109 2.1 Geological background and system configuration

110 2.1.1 Geological setting and the climatic condition

111

112 The studied greenhouse is located in Zhongxiang city in the middle of China, as 

113 shown in Fig. 1. It is about 178 km west to the provincial capital Wuhan city. The 

114 greenhouse is situated on a river alluvial plain with good potential for agricultural 

115 development [21]. This area has a subtropical monsoon climate with a mean annual 

116 air temperature of 17.8°C and humidity of 77%. The recorded highest temperature is 

117 39.7℃ and the lowest temperature is -10.3℃. The monthly climatic data of the study 

118 area were presented in Table 1. Heavy rainfalls were mainly distributed from March 

119 till August. The wind speed remains rather stable, ranging from 2.5 m/s to 3.6 m/s. 

120 The study area stays a rather humid environment with humidity over 70% throughout 
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121 the whole year. The air temperature indicates a rather hot summer and a cold winter, 

122 implying both heating and cooling are required to maintain a relatively stable 

123 temperature in the greenhouse. 

124

125 2.1.2 Geological investigation

126

127 To characterize the subsurface conditions for the installation of production and 

128 injection wells of the GWHP system, geological investigations were carried out in the 

129 vicinity of the greenhouse. The drilling task was first conducted to determine the 

130 geological stratum of the site. A geological profile was then created by the borehole 

131 log. The hydraulic unit was also identified by the analysis of the collected drilling 

132 cores and cuttings. Thermal, physical and hydraulic parameters were measured either 

133 by laboratory or field tests. 

134

135  Borehole log: The drilling was implemented from the ground surface to the 

136 bedrock. River deposits were detected by analysis of the drilling cuttings.  The 

137 collected drilling cuttings which contain majorly two categories of clay/silt and 

138 cobble. It is expected to have a high hydraulic conductivity of the cobble layer 

139 which could be treated as a potential aquifer. The geological profile of the site 

140 was summarized based on the drilling log. The subsurface down to 33.7 m depth 

141 was comprised of three layers: the upper clay/silt, the middle gravels and the bed 

142 rock, as shown in Fig. 2.

143

144  Thermo-physical properties of drilling cuttings: Thermal parameters such as 

145 thermal conductivity, thermal diffusivity and thermal capacity are measured using 

146 a portable instrument ISOMET 2114. A needle probe was deployed in the soil 

147 measurements, as shown in Fig. 3(a). The soil samples were collected and 

148 prepared in a cylindrically shaped container with a 6 cm diameter and 11 cm 

149 height. The measuring accuracy of thermal conductivity is ±5.0% by calibrating 

150 the probe with reference materials. Besides, particle size distribution (PSD) of 
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151 these drilling cuttings was determined by sieve analysis, as shown in Fig. 3(b). 

152 The soil samples were dried in an oven with a temperature of 55℃ over 24 h 

153 before the sieve analysis.  

154

155  Pumping test: In order to obtain the hydraulic parameters of the aquifers, in-situ 

156 pump tests were conducted. In the study area, the cobble layer was considered to 

157 be the potential confined aquifer and the water was mainly pumped out from this 

158 layer. A pumping well was drilled with a 300 mm diameter and until a depth of 

159 28.6 m. An observation well was installed 6 m away from the pumping well, as 

160 shown in Fig. 4 (a). The amount of drawdown in the steady-state was determined 

161 during the pumping test and the hydraulic parameter was interpreted by following 

162 equation. 

163                         (1)W =
2πKD(𝑠𝑤 ‒ 𝑠1)

ln (𝑟1
𝑟𝑤)

164 where W is the pumping rate (m3/s), KD is Transmissivity (m2/s), sw and s1 are 

165 the respective water levels in the piezometers (pumping well and observation 

166 well), r1 is the distance between pumping well and observation well (m), rw is the 

167 radius of the pumping well (m) [23].  In addition, the water temperature was 

168 measured during the tests and the water samples were collected for later analysis 

169 of the PH value, electric conductivity and concentration of Fe2+, Mn2+, Ca2+, 

170 Mg2+ cations, which contribute mainly the mineral precipitation, as shown in Fig. 

171 4 (b).

172

173 2.1.3 System configuration

174

175 Fig. 5 presents an overview of the greenhouse and some of the drilling wells 

176 surrounded. It shows that the greenhouse consists of six individual sections with a 

177 total area of 17.54  m2. Before 2017, this greenhouse was heated by a boiler  × 104

178 which is located at the south-west corner as shown in Fig. 5. It was later replaced with 

179 a GWHP system under the pressure of reducing air pollution at the end of 2017. The 
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180 GWHP system was configured in the west boundary of the greenhouse. There are 30 

181 pumping wells drilled around the greenhouse, with an average depth of 30 m and an 

182 adjacent distance of 60 m. Similarly, there are 30 recharging wells drilled with an 

183 adjacent distance of 50 m. 

184

185 Fig. 6 shows the system configuration of the boiler heating system and the GWHP 

186 system. Briefly, the boiler system is comprised of a combustion chamber, water 

187 tanker, dust collector and a chimney, as shown in Fig. 6 (a). The GWHP system 

188 consists of the production/injection well, heat pump units and fan/radiators, as shown 

189 in Fig. 6(b). The GWHP is an open-loop system that pumps the groundwater from the 

190 wells marked in blue color and reinject it into wells highlighted in yellow color. In 

191 addition, four locations are selected randomly to monitor the temperature variation 

192 inside the greenhouse. 

193

194

195 Table 2 lists the main components and their specifications of both the boiler and 

196 GWHP systems. The boiler system consists of 2 combustion chambers, 2 dust 

197 collectors, 2 blower fans, 2 draught fans and 2 water circulation pumps. The GWHP 

198 system was configured with 3 heat pumps, 18 desanders, 3 water circulation pumps to 

199 the greenhouse and 3 circulation pumps to the wells. The heat pumps have a total 

200 heating capacity of 3, 779 kW and a total cooling capacity of 3, 706 kW. The 

201 technical specifications of these components are listed in Table 2. 

202

203 Fig. 7 displays the major components configured in both the boiler and GWHP 

204 systems. The water tank of the boiler system lay above the combustion chamber, as 

205 shown in Fig. 7(a). The combustion chamber was connected to the dust collector by 

206 pipes. Most of the dust was stored in the dust collector and the waste gas was emitted 

207 through the chimney. For the GWHP system, three heat pumps are parallel connected 

208 and linked to the wells via water pipes. The groundwater was pumped flowing 

209 through the heat pumps by the water circulation pumps to achieve heat extraction or 
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210 dissipation, as shown in Fig. 7(b). All the wells are parallel connected through a 

211 manifold to a main pipe and the numbers of the operating wells were controlled by 

212 valves to meet the actual demand of the groundwater.

213

214 Fig. 8(a) shows an inside view of the greenhouse which was used for flower planting. 

215 To maintain a stable indoor temperature, fans and heat radiators were equipped in the 

216 system to provide air-conditioning (see Fig. 8(b) and Fig. 8(c)). The fans were 

217 configured with a layout of 8 m×16 m and the heat radiators pipe were parallelly lined 

218 with a 4 m distance. The boiler system was only operated for heating by the 

219 combustion of coal to provide the hot water. Thermal energy of the hot water was 

220 dissipated to the greenhouse by the radiators and fans. The GWHP system was used to 

221 provide both heating and cooling. In heating mode, the groundwater was pumped 

222 from the well and circulated through the heat pump. Thermal energy was extracted 

223 from the groundwater and the temperature of heat carrier fluid to the greenhouse was 

224 lifted to 40-45℃ by the heat pumps. In cooling mode, the heat carrier fluid from 

225 greenhouse was chilled down to 8-10℃ by the heat pump and then circulated back to 

226 the greenhouse. The waste heat was transferred to the groundwater and re-injected 

227 back into the subsurface.  

228

229 2.2 Measurement setup

230 2.2.1 The meteorological conditions

231

232 The meteorological parameters including the air temperature and humidity have 

233 significant impacts on the thermal capacity of the greenhouse and the planning of 

234 GWHP systems. Rainfall and wind speed will greatly influence the ambient 

235 temperature and heat dissipation of the greenhouse. Thus, four climatic parameters 

236 including air temperature, humidity, rainfall and wind speed were continuously 

237 monitored with a one-hour interval in 2018.

238

239 2.2.2 Operation of the boiler
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240

241 The boiler system was operated only for heating in winter. During the daytime, the 

242 greenhouse was heated directly by solar radiation and the boiler system started to 

243 operate from 17:00 till 7:00 the next day. The coal consumed by the boiler heating 

244 was recorded for each month in the winter of 2016/2017. Simultaneously, the fluid 

245 temperature and flow rate to the greenhouse were also monitored with a time interval 

246 of 1 h to estimate the thermal loads of the greenhouse. 

247

248 2.2.3 Groundwater heat pump system 

249

250 The operation of the GWHP was similar to the boiler system. It started at 17:00 PM 

251 and stopped by 7:00 AM the next day. Their difference is that the GWHP runs for 

252 both heating in summer and cooling in summer. Table 3 shows the parameters 

253 monitored during the GWHP system operation. For the greenhouse cooling, the 

254 system was monitored from June 26th, 2018 till August 16th, 2018. The heating period 

255 of the system was monitored from Oct 19th, 2018 till April 6th, 2019. More 

256 specifically, the monitoring setup including the temperature, fluid flow rate and power 

257 input of the GWHP system operation was listed in Table 3. 

258

259 2.3 Thermal performance analysis

260

261 The thermal performance of the GWHP is estimated by considering the parameter of 

262 the coefficient of performance (COP) for heating or energy efficiency ratio for system 

263 cooling. COP/EER is an essential indicator that represents the thermal efficiency of a 

264 system with considering energy input and output. Briefly, COP of a system can be 

265 given as: 

266                        (2)COP/EER =
𝑄
𝑁  

267 where COP is the coefficient of performance for heating (-), EER is the system 

268 performance for cooling (-), Q is the heating/cooling capacity (kWh) of the system,  𝑁
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269 is the energy input for running a system (kWh).

270

271 In the present work, the energy output for both the boiler and GWHP system is the 

272 heating or cooling capacity of the greenhouse. Energy inputs for the boiler differ from 

273 that of the GWHP system. For the boiler system, the coal consumed and electricity 

274 input for operating the water-circulating pumps to the greenhouse are considered. For 

275 the GWHP system, all the electricity input for operating the heat pumps, water 

276 circulation pumps to wells and to greenhouses are considered. The detailed definition 

277 of the COP for these two types of systems is shown as:  

278                     (3)𝜂𝑏𝑜𝑖𝑙𝑒𝑟 =
𝑄

𝑀 × 𝑞 × 100%

279                      (4)𝐶𝑂𝑃𝑔𝑤ℎ𝑝 =
𝑄

∑𝑁𝑖 + ∑𝑁𝑗
  

280                      (5)Q = ∑𝑛
𝑖 = 1

𝑉𝑖𝜌𝑖𝑐𝑖∆𝑇𝑖

3600 ∆𝑡𝑖

281 where  is the efficiency factor of the boiler (-), M is the daily coal 𝜂𝑏𝑜𝑖𝑙𝑒𝑟

282 consumption (kg/d) and q is the coal heating value (q=29.31MJ/kg).  is the 𝐶𝑂𝑃𝑔𝑤ℎ𝑝

283 heat pump system coefficient of performance (-), Q is the system capacity (kWh), 

284  is all power consumed by heat pump unit (kWh),  is all power consumption ∑𝑁𝑖 ∑𝑁𝑗

285 of water circulation pumps (kWh), Vi is average fluid flow of user side in time i 

286 (m3/h),  is is the heat pump operation at time i. V is heat pump unit user side ∆𝑡𝑖

287 average fluid flow (m3/h),  is the inlet and outlet fluid temperature difference ∆𝑇𝑖

288 from/to the greenhouse ( ),  is average density of water (kg/m3), c is average heat ℃ ρ

289 capacity of water (kJ/(kg·℃)) [7, 24].

290

291 2.4 The economic performance

292 2.4.1 Capital costs

293

294 The capital costs of an air-conditioning system consist of the investment of 

295 components and the installation cost. For a boiler system, the components are 
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296 comprised mainly of the combustion chamber, water tanks, dust collector and 

297 chimney, as shown in Table 2. A GWHP is rather complicated due to the drilling and 

298 installation of the pumping/recharging wells. Briefly, the capital costs of both boiler 

299 and GWHP systems can be formulated as:  

300                       (6)𝐶𝑐𝑎𝑝_𝐵 = ∑𝑛
𝑖 = 1𝑃𝑐𝑜𝑚,𝑖 × 𝑁𝑖 + 𝐶𝑖𝑛 

301            (7)𝐶𝑐𝑎𝑝_𝐺 = ∑𝑛
𝑖 = 1𝑃𝑐𝑜𝑚,𝑖 × 𝑁𝑖 + ∑𝑛

𝑗 = 1𝑃𝑑𝑟𝑖𝑙𝑙𝑖𝑛𝑔 × 𝑁𝑗 × 𝐿𝑗

302 where  is capital cost of the boiler heating system (USD),  is price of 𝐶𝑐𝑎𝑝_𝐵 𝑃𝑐𝑜𝑚,𝑖

303 the component (USD),  is the component i,  is installation fee (USD),  𝑁𝑖 𝐶𝑖𝑛  𝐶𝑐𝑎𝑝_𝐺

304 is the capital costs of the groundwater heat pump system (USD),  is drilling 𝑃𝑑𝑟𝑖𝑙𝑙𝑖𝑛𝑔

305 price per meter depth (USD/m),  is the drilling well j,  is the length of drilling 𝑁𝑗 𝐿𝑗

306 well j (m) [25].

307

308 2.4.2 Operating costs

309

310 The main operating costs of the boiler system are the coal consumption and the 

311 electrical power input for running the dust removal and water-circulating pumps, as 

312 given in Eq. (8). On the other hand, the operating costs of the GWHP system were 

313 majorly comprised of the power input for production/injection water of the drilling 

314 wells, heat pump operation and water circulation pumps to the greenhouse, which is 

315 given as Eq. (9). 

316               (8)𝐶oper_𝐵 = 𝑄𝑒,𝐵 × 𝑃𝑒 + 𝑄𝑡 × 𝑃𝑐𝑜𝑎𝑙 + 𝐶𝑚𝑎𝑖𝑛

317                     (9)𝐶oper_G = 𝑄𝑒,𝐺 × 𝑃𝑒 + 𝐶𝑚𝑎𝑖𝑛

318 where  is the operating costs of the boiler system (USD/yr),  is 𝐶𝑜𝑝𝑒r_B 𝑄𝑒,𝐵

319 electricity consumption by boiler system (kWh/yr),  is coal consumed by boiler 𝑄𝑡

320 (t/yr),  is groundwater heat pump power consumption (kWh/yr),  is the 𝑄𝑒,𝐺 𝐶𝑜𝑝𝑒r_G

321 operation cost of the groundwater heat pump system (USD/yr),   is equipment 𝐶𝑚𝑎𝑖𝑛
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322 maintenance (USD/yr),  is the electricity price (USD/kWh),  is the coal 𝑃𝑒 𝑃𝑐𝑜𝑎𝑙

323 price (USD/ton) [26, 27].

324

325 2.4.3 Analysis of economic performance

326

327 The economic performance of both the boiler and GWHP systems was examined by 

328 considering the capital costs and operating costs, and thermal load of the greenhouse. 

329 An average energy price, AEP, that represents the ratio of invests to the thermal load 

330 of a system was considered. It is an important indicator for the evaluation of the 

331 economic profitability of an investment. Smaller values indicate higher economic 

332 performances. The AEP can also be used for to compare different technical 

333 alternatives to determine which has the highest potential for a limited investment fund 

334 [19]. The AEP can be simply formulated as follows:

335                               (10)AEP =
𝐶𝑖𝑛𝑣

𝑄𝑠
   

336                   𝐶𝑖𝑛𝑣 = {  𝐶𝑐𝑎𝑝 + 𝐶𝑜𝑝𝑒 × 𝑡         ( 𝑓𝑜𝑟 𝐵𝑜𝑖𝑙𝑒𝑟)

𝐶𝑐𝑎𝑝 ×
𝑄𝑠,ℎ𝑒𝑎𝑡𝑖𝑛𝑔 

𝑄𝑠
+ 𝑇𝑜𝑝𝑒, ℎ𝑒𝑎𝑡𝑖𝑛𝑔 × 𝑑 × 𝑡  (𝑓𝑜𝑟 𝐺𝑊𝐻𝑃 ℎ𝑒𝑎𝑡𝑖𝑛𝑔)    (11)

𝐶𝑐𝑎𝑝 ×
𝑄𝑠,𝑐𝑜𝑜𝑙𝑖𝑛𝑔 

𝑄𝑠
+ 𝑇𝑜𝑝𝑒, 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 × 𝑑 × 𝑡    (𝑓𝑜𝑟 𝐺𝑊𝐻𝑃 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 ) 

337 where Cinv is the energy price invested for both the system installation and operation 

338 (USD), Qs is the thermal capacity of the system (kWh).  is the daily operating 𝑇𝑜𝑝𝑒

339 costs ( , ), d is the  𝑇𝑜𝑝𝑒, ℎ𝑒𝑎𝑡𝑖𝑛𝑔 = 3, 811 𝑈𝑆𝐷/𝑑𝑎𝑦 𝑇𝑜𝑝𝑒,𝑐𝑜𝑜𝑙𝑖𝑛𝑔 = 2, 447 𝑈𝑆𝐷/𝑑𝑎𝑦

340 operating duration (d). All related costs used in the equation were set according to 

341 their values in 2019.

342

343 3 Results and discussion

344 3.1 Geological setting and climatic conditions 

345 3.1.1 Geological and hydraulic conditions 

346

347 The upper clay/silt layers have a total thickness of around 20 m and the middle cobble 
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348 layer varies from 8 m to 10 m thickness in the study area. In terms of the hydraulic 

349 property, the cobble layer can be treated as an aquifer. Below and above this layer are 

350 the impermeable clay and claystone. Thus, the cobble layer is considered to be a 

351 confined aquifer. Particle size distribution (PSD) analysis was made and the 

352 coefficient of uniformity was determined of Cu=2.9 for the silt and Cu=5.7 for Cobble. 

353 It indicates that the Cobble layer has high uniformity, meaning a high hydraulic 

354 permeability.  

355

356 Table 4 shows some of the recorded drawdown values obtained in the pumping tests. 

357 The undisturbed groundwater table is 3.0 m beneath the ground surface. The pumping 

358 tests were repeated three times. The pumping rate, hydraulic heads for both the 

359 pumping well and observation well were recorded for the interpretation of the 

360 hydraulic parameters by following Eq. (1). The results listed in Table 4 indicate that 

361 the aquifer with a mean hydraulic conductivity of 1.03×10-3 m/s, meaning a quite high 

362 potential for water production and injection. In addition, the temperature of the water 

363 pumped out of the drilling well was measured to be 17.0±0.5℃. 

364

365 Table 5 presents the groundwater analysis of the water samples collected from the 

366 aquifers by pumping. It shows that the PH value is 7.09, implying suitable water for 

367 the GWHP application [28]. The ion analysis show that the Fe2+ is 0.84 mg/L, Ca2+ is 

368 68.5 mg/L and Mg2+ is 20.3 mg/L for the collected water samples. These ions are 

369 important to estimate the mineral precipitation and pipe corrosion problems for the 

370 GWHP application. All these ion concentrations are detected with the threshold of the 

371 local standards [29]. In addition, the electric conductivity was 973 μS/cm which is 

372 smaller than the proposed lowest value causing pipe corrosion [24].

373

374 3.1.2 Climatic conditions

375

376 Fig. 9 shows the local climatic data including temperature, humidity, daily rainfall 

377 and wind speed in 2018. The temperature fluctuates dramatically over the year. In 
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378 winter, the lowest temperature drops below the freezing point in December or 

379 January. The summer is rather hot with the maximum temperature constantly 

380 exceeding 35 ℃ from July till September, as shown in Fig. 9(a). The study area 

381 remains a rather humid environment with a mean humidity value of 80% through the 

382 year, as it is depicted in Fig. 9(b). The rain season lasts from April till September, as it 

383 is illustrated in Fig. 9(c), indicating a high groundwater table that has high potential 

384 for groundwater pumping. The rest periods are generally lower rainfall, which leads to 

385 low a groundwater table and a high potential for water injection into the ground. The 

386 daily wind speed is rather low in this area, ranging between 2.1 m/s and 3.4 m/s, as it 

387 is displayed in Fig. 9(d). 

388

389 3.2 Thermal performance analysis 

390 3.2.1 Boiler heating system

391

392 The heating efficiency of the boiler system was determined by considering coal 

393 consumed, power input and energy gain by the greenhouse. The monitoring data 

394 shows that the consumption of coal varies drastically with months in the heating 

395 period, as shown in Table 6. December in 2016 and January in 2017 consume 3, 332 

396 tons coal which is more than half of the used coal of 5, 342 tons for boiler heating. 

397 Besides, the thermal energy converted by the coal combustion was also calculated to 

398 estimate the boiler efficiency by following Eq. (3).  

399

400 The boiler efficiency factor was determined for the system operation from October 

401 16th, 2016 till April 17th, 2017, as it is displayed in Fig. 10. The monthly values show 

402 that the efficiency factors of boiler changes between 53.28% and 68.05%, with a 

403 mean value of 60.61%. It illustrates that the boiler system stays rather low thermal 

404 efficiency by comparing it with the values reported in the literature [30, 31]. It implies 

405 high coal consumption for greenhouse heating, as it is verified in Table 6. 

406

407 3.2.2 Thermal efficiency of the groundwater heat pump system 
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408

409 In the present work, the GWHP system was applied for both heating and cooling of 

410 the greenhouse, as the operation records presented in Table 7. In order to estimate the 

411 thermal performance of the GWHP system, the temperature of the fluid pumped from 

412 and back into the wells was monitored, as shown in Fig. 11(a). In the cooling case, the 

413 outlet temperature of the wells stays lower than the inlet temperature, indicating heat 

414 dissipation into the ground aquifers. The outlet temperature remains stable during the 

415 operation, whereas the inlet temperature fluctuates. Their difference varies between 

416 4.1℃ and 10.3℃ with a mean of 7.9℃, indicating very high efficiency. In heating, the 

417 well outlet temperature expresses higher values that the well inlet temperature, 

418 implying a heat extraction by the heat pumps. The difference between inlet and outlet 

419 is round 4.3℃ which is much lower than the cooling case, as it is illustrated in Fig. 

420 11(b). This indicate that the system cooling performs higher efficiency that the 

421 heating. 

422

423 The well outlet temperature was measured at the outlet of the wells and it therefore 

424 can represent the aquifer temperature. The initial aquifer temperature was measured of 

425 17.5℃ at June 26th, 2018 and gradually increased up to 18.5℃ on August 16th, 2018 in 

426 the heating case. It implies that the temperature in aquifers was affected by the 

427 GWHP operation. The water stored in the aquifers was warmed up by the heat, as the 

428 high well inlet temperature shown in Fig. 11 (a), dissipated from the greenhouse. 

429 Thus, the increasing of well outlet temperature was detected in heating. On the 

430 contrary, in the cooling case, the well outlet temperature was dropping over time, as 

431 shown in Fig. 11 (b). The heat was extracted from water pumped out of the aquifers, 

432 resulting in temperature decreasing. The chilled water was later recharged into the 

433 aquifer which in turn reduces the aquifer temperature gradually with time.  

434

435 Similarly, the fluid temperature circulates into and out of the greenhouse was also 

436 monitored. Both fluid inlet and out temperature fluctuate drastically in the cooling 

437 period, as shown in Fig. 12(a). A lower inlet temperature to the greenhouse than the 
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438 outlet fluid temperature is observed, indicating a system cooling. On the other hand, 

439 the inlet temperature is higher than the outlet temperature in heating, as shown in Fig. 

440 12(b).

441

442 In summer, the temperature inside the greenhouse fluctuates between 21℃ and 35℃ 

443 for system cooling at four monitoring points. The greenhouse needs to be cooled 

444 down from a high temperature to a low temperature, as shown in Fig. 13(a). It shows 

445 that the temperature peak drops rapidly to a certain low temperature, indicating a high 

446 efficiency in system cooling. In the system heating, the temperature inside the 

447 greenhouse shows a smaller temperature range around 3.5℃ difference, as shown in 

448 Fig. 13(b). This implies a more stable thermal performance of the greenhouse in the 

449 system heating. 

450

451 The system thermal efficiency was estimated following Eq. (2) and Eq. (4).  Fig. 14 

452 illustrates the COP/EER values for the GWHP system in both heating and cooling 

453 cases. It shows that the EER for system cooling fluctuates between 2.5 and 5.6, with a 

454 mean value of 4.1, as shown in Fig. 14(a). The COP values vary from 2.4 to 5.8 with a 

455 mean value of 3.3, as it is depicted in Fig. 14(b), indicating the system heating is 

456 relatively lower thermal efficiency than that of cooling. Through the whole heating 

457 and cooling seasons, the GWHP system shows a similar thermal performance if 

458 compared against other GWHP systems installed in this area [32]. 

459

460 3.3 Comparison of the economic performance 

461 3.3.1 Comparison of the capital cost and operating costs

462

463 The capital costs are essential to determine the economic performance of an energy 

464 system. Table 8 lists the individual component, number and price for both the system. 

465 The total capital costs were then determined by the sums of the entire component 

466 investment and the installation cost. It is accounted that the capital costs of the GWHP 

467 system are 716, 859 USD which is about 49.1% higher than that of the boiler system 
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468 of 480, 423 USD 

469

470 In this work, the operating costs represent the coal or electricity inputs to run the air-

471 conditioning system to meet the energy demand of the greenhouse. Thus, the power 

472 consumption such as coal used and electricity input for the operation of the system 

473 was considered of the boiler system. For the GWHP system, electricity input for 

474 running the heat pumps and water circulation pumps was taken into account. The 

475 operating costs over one year were determined and the results are presented in Table 

476 9. The operating cost of the GWHP system is about 694, 202 USD which is slightly 

477 higher than the boiler system which has an annual operating cost of 769, 437 USD. 

478 This could be attributed to the longer operating duration of the GWHP system, as it is 

479 verified in Table 7. 

480

481 3.3.2 The system economic performance

482

483 The system investments were assessed by referring to the capital costs in section 3.3.1 

484 and the annual operating costs. The average daily temperature, the highest and lowest 

485 temperature monitored by over 30-year period was applied to determine the heating 

486 and cooling duration, as shown in Fig. 15. In the present work, the 70 days cooling 

487 and 165 days for heating were determined by considering the highest temperature 

488 over 30℃ in summer and the lowest temperature less than 12.5℃ in winter. Table 10 

489 illustrates the estimated annual operating costs of both the boiler and the GWHP 

490 system. The GWHP system has relatively higher annual operating costs of 800, 232 

491 USD than that of the boiler system which is 677, 771 USD. Thus, the system 

492 investments of the GWHP system are higher than the boiler system by considering 

493 both capital and operating costs.

494

495 Moreover, the thermal loads of the greenhouse were estimated by considering the 

496 seasonal COP/EER and the annual operating period. The results show that the GWHP 

497 system covers 20.46 million kWh and the boiler is 13.75 million kWh annually, as 
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498 shown in Table 10. The higher thermal load of the GWHP system than the boiler can 

499 be attributed to the GWHP was used for serving the greenhouse cooling in summer.  

500

501 The above studies show that the GWHP system has higher capital costs and also 

502 higher operating costs as compared to the boiler system. It shows that the annual 

503 investments of the boiler is lower than the GWHP system and their difference keeps 

504 enlarging, as shown in Fig. 16(a). Note that the GWHP was not only operated for 

505 heating, but also for cooling. The GWHP investments were separated here into 

506 heating and cooling parts. It shows that each the heating or cooling investments are 

507 lower than that of the boiler system. On the other hand, the annual thermal capacity 

508 for the boiler and GWHP systems are also plotted in Fig. 16(b). The covered thermal 

509 load of the greenhouse by GWHP system is higher than the boiler system due to the 

510 same heating load and the additional GWHP cooling. 

511

512 To compare the economic performance, the AEP of both systems is examined for 

513 heating and cooling, separately. It illustrates that the AEP of both systems starting 

514 with a rapid decreasing and tends to be steadily trending with time. The AEP of 

515 GWHP was lower than the boiler system in the estimated operation period, as it is 

516 illustrated in Fig. 17. The AEP values of the boiler system drop from 0.084 USD/kWh 

517 down to 0.053 USD/kWh for heating. For the GWHP system, the AEP decreases from 

518 0.081 USD/kWh till 0.049 USD/kWh for heating, and drop from 0.061 USD/kWh till 

519 0.029 USD/kWh for cooling. Their relatively difference becomes larger and larger 

520 from 3.7% up to 8.2%. The results indicate higher economic performance of the 

521 GWHP system for both heating and cooling. Thus, a successful system replacement to 

522 a conventional coal-fired boiler system was achieved by the GWHP system in term of 

523 the thermo-economic performance.

524

525 In this particular case, one of the major reasons for the success of the GWHP system 

526 replacement attributes to the shallowly bedded aquifers and high hydraulic 

527 conductivity, as it is verified in the geological investigation. The very shallow bedded 
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528 aquifer with high hydraulic conductivity leads to low capital costs and a high potential 

529 for groundwater pumping. Thus, to make a successful GWHP system installation, the 

530 site geological conditions deserve to be carefully characterized [33]. On the other 

531 hand, the air pollution caused by the emission of the coal-fired boiler can be 

532 effectively alleviated by deploying the GWHP system. Although the GWHP system 

533 has higher installation and operation costs, the average energy price is lower. 

534 Moreover, the system cooling made by the GWHP brings further economic profits by 

535 extending the production period of the greenhouse for two more months than boiler 

536 system annually. 

537

538 4 Conclusions

539

540 This paper investigates thermo-economic performance of the air-conditioning system 

541 of a greenhouse which was renovated from a coal-fired boiler to the GWHP system. 

542 To estimate thermal performance, system operation was monitored over a one-year 

543 period for each system. Then, the capital costs and operating costs of both systems are 

544 evaluated. The economic performance of both systems is examined by considering the 

545 system investments and the covered thermal load of the greenhouse. The major 

546 findings obtained from this study are made:

547

548  Geological setting and the feasibility of GWHP installation: The study area is a 

549 typical subtropical climate area that has a hot summer and a rather cold winter. It 

550 is, therefore, heating and cooling energy is both demanded by the air-conditioning 

551 of a greenhouse. However, the formerly installed boiler system cannot service for 

552 cooling, resulting in a system shut down in summer. Moreover, air pollution 

553 caused by the coal-fired boiler calls for imperatively shutting down by the local 

554 government. By considering the above concerns, the air-conditioning system has 

555 to be switched to a system with high thermal performance and environmental 

556 friendliness. GWHP system is a considerable alternative due to the high thermal 

557 efficiency and emission free. The geological investigation shows the ground was 
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558 a river deposited area with high potential for groundwater pumping. A mean 

559 hydraulic conductivity is 1.03×10-3 m/s of the aquifer is determined by a field 

560 pumping test, indicating a very high potential for GWHP installation. Thus, it is 

561 highly feasible to replace the boiler to a GWHP system.

562  Thermal performance analysis: The GWHP system was installed in 2017 to 

563 replace the former boiler system which was constructed in early 2016. In order to 

564 estimate thermal performance of these systems, system operation for the boiler 

565 system during October 2016 till April 2017 and the GWHP system from June 

566 2018 till April 2018 were monitored. The thermal efficiency of the boiler is 

567 estimated varies between 0.53 and 0.68, and the COP of the GWHP system 

568 expresses a higher COP/EER values of 3.3 for heating and 4.1 for cooling. The 

569 thermal advantages of the GWHP system are remarkable due to the high COP 

570 values for both heating and cooling. Furthermore, the GWHP system used in 

571 summer for the greenhouse cooling brings additional benefits for the flower 

572 production.

573  Economic performance: The assessment of economic performance was made by 

574 taken into account the capital costs, operating costs and thermal load of the 

575 greenhouse. The results show that the GWHP has both higher capital costs and 

576 operating costs than the boiler system. Meanwhile, the GWHP system achieves a 

577 higher thermal load by the summer cooling. To evaluate the economic 

578 performance, the average energy price (AEP), which represents the economic 

579 performance was assessed over a 10-year period. It shows that the AEP of both 

580 systems keeps steadily decreasing annually, from 0.084 USD/kWh to 0.053 

581 USD/kWh of the coal-fired boiler. It decreases from 0.081 USD/kWh to 0.049 

582 USD/kWh in heating and drop from 0.061 USD/kWh to 0.029 USD/kWh in 

583 cooling of the GWHP system. Thereby, the AEP of the GWHP was lower than 

584 that of the coal-fired boiler system, indicating a higher economic performance. 

585
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Fig. 1 The location of the greenhouse in Zhongxiang city of Hubei province in China



Fig. 2 The geological profile logged at the construction site of the greenhouse

Fig. 3 The determination of thermo-physical property of the drilling cuttings (a. 

Thermal properties measurements of the soil sample, b. particle size distribution 

(PSD) analysis of the samples )



a. Pumping test for hydraulic parameters b. Analysis of the groundwater sample

Fig. 4 The wellhead of the pumping well and water sample analysis at the greenhouse 

in Zhongxiang city Hubei province of China

 

Fig. 5 Location of the boiler and GWHP system with respect to the greenhouse



Fig. 6 The schematic diagram shows that the air conditioning system of the 

greenhouse replaced from boiler heating to GWHP (a. The boiler heating system, b. 

The GWHP system)



Fig. 7 Components of both the boiler and GWHP systems (a. The boiler system: a_I is 

the water tanks and coal combustion chamber, a_II is the dust collector and chimney; 

b. The groundwater heat pump system: b_I is the heat pumps, b_II is the water 

circulation pumps)

Fig. 8 Air-conditioning components configured inside the greenhouse (a. An 

overview inside the greenhouse, b. Fans and c. Heat radiator)
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Fig. 9 The monitored hourly temperature, humidity, rainfall and wind speed of 

Zhongxiang city between 0:00 on January 1st, 2018 and 23:00 December 31th, 2018

Fig. 10 The variation of the boiler efficiency from October 2016 till April 2017
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(a) Fluid inlet and outlet temperature to 

the pumping well in cooling

(b) Fluid inlet and outlet temperature to 

the pumping well in heating

Fig. 11 The monitored fluid temperature of the water pumping from and recharging 

into the wells
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Fig. 12 Inlet and outlet fluid temperature circulates into the greenhouse and flows 

back from the greenhouse
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of the GWHP system
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Fig. 14 The estimated thermal performance of both the heat pump systems and 

groundwater heat pump system



Fig. 15 The daily temperature from 1981 to 2010 in Zhongxiang county of Hubei 

province, China [22]

(a) The system investment which 

consists of capital costs and annual 

operating costs

(b) The operation benefits for both the 

boiler and GWHP system

Fig. 16 The comparison of the estimated economic performance for both the boiler 

and Groundwater Heat Pump system



Fig. 17 The estimated average energy price (AEP) for the boiler and GWHP system 

over a 10-year period



Table 1 Monthly climatic parameters at Zhongxiang city of Hubei province in 2018 

[22]

Month Rainfall Mean wind Air temperature
Relative 

humidity
Sunshine

mm (m/s) (m) % h

January 70.2 3.1 1.5 82.9 82.6

February 34.9 3.1 6.2 70 141.3

March 82.2 3.3 13.6 78 145.2

April 84.7 3.6 19.3 72.53 187.4

May 140.8 3.1 23.3 79.1 132.5

June 94.5 2.7 27.3 75.1 209.3

July 198.7 2.8 29.7 83.2 209.5

August 78.9 2.9 29.7 75.7 265.3

September 54.8 2.6 24.3 74.1 132.4

October 14.5 2.5 18.9 59.7 184.8

November 53.3 3 12.7 75.9 123.5

December 36.4 2.9 5.7 74.1 59.6

Table 2 Components and the specifications of the boiler and the GWHP system

System Components Number Type Specification

Combustion 

chamber

2 SIL25-1.25-AII Evaporation capacity： 25 t/h, Working 

pressure：1.25MPa, Vapor temperature: 194℃,

Water-supply temperature: 104℃, Water 

volume: 27m3, Efficiency:：82.8%

Dust collector 2 Desulphurization：99%，Dust removal：99%，

Resistance loss：700，Liquid-to-gas ratio: 1:1,

Temperature：<200℃

Boiler 

system

Draught fan 2 GY20-15 Rotation speed： 1450 r/min, Flow rate: 

62888-92540m3/h,



Rated power: 110kW

Water 

circulation pump

1 KQL 150/315-

30/4

Flow rate：200 m3/h，H=32m, Power supply：

30 kW

Blower fan 2 GG20-15 55kW Rotation speed： 1450 r/min, Flow rate: 

35000-62000m3/h,

Rated power: 55kW

Heat pump 3 40STD-T-

3486W-D4

Power supply: 380V, Heating/cooling 

Capacity: 3779 kW /3706 kW

Refrigerant: R22, 624 kg

Energy efficiency ratio: 7.0

Desander 18 RY-RL Flow rate: 80m3/h

Pipe diameter: 100 mm

Water 

circulation pump 

(to the 

greenhouse)

3 TD-300-

55/4SWHCJ

Flow rate: 900 m3/h

H=55 m

Rated power: 200 kW

GWHP 

system

Water pump (to 

wells) 

3 Flow rate:120 m3/h

H=14 m

Rated power: 60 kW

Water pump (to 

heat pumps)

30 Flow rate: 60 m3/h

Rated power: 11kW

Table 3 Monitoring setup of groundwater heat pump system

Monitoring parameters Monitoring 

points

Measuring 

interval

Symbol Unit

Fluid temperature into 

injection wells

1 1 h Tf ℃

Fluid temperature out 1 1 h Tf ℃



from production wells

Fluid temperature into 

the greenhouse

1 1 h Tf ℃

Fluid temperature out 

from the greenhouse 

1 1 h Tf ℃

Air temperature inside 

Greenhouse 

4 1 h Tair ℃

Circulating fluid flow 2 1 h W m3/h

Power input of WP to 

wells

4 1 d Q kWh

Power input of GWHP 

units

2 1 d Q kWh

Power input for WP to 

greenhouse

2 1 d Q kWh

Power input for WP to 

wells

2 1 d Q kWh

Table 4 The recorded drawdown values and the estimated hydraulic parameters of the 

aquifer

No.

Pumping 

drawdown

(m)

Observation 

drawdown

(m)

Pumping 

rate

(m3/h)

Hydraulic 

conductivity

(m/s)

Undisturbed 

Water level

(m)

Water 

temperature

(℃)

1 21.5 9.90 72 1.01×10-3

2 17.3 6.20 67 1.06×10-3

3 15.5 5.74 60 1.02×10-3

3.0 17 .0±0.5

Table 5 Geochemical analysis of the water samples collected from the drilling well

Parameters PH
Electric 

conductivity 
Fe2+ Mn2+ Ca2+ Mg2+ Sulfide 



μS/cm mg/L mg/L mg/L mg/L mg/L

Value 7.09 973 0.84 1.38 68.50 20.3 0.007

Table 6 The coal consumption of the boiler heating in the heating seasons of the 

greenhouse from October 16th, 2016 till April 17th, 2017

Time Coal Heating 

area

Unit heat 

release

Total 

energy

Unit area heat 

release

(Ton) (m2) (MJ/kg ) (106MJ) (MJ/106 m2)

Oct-16 291 175, 400 29.31 8.53 48.62

Nov-16 775 175, 400 29.31 22.71 129.49

Dec-16 1, 439 175, 400 29.31 42.17 240.43

Jan-17 1, 893 175, 400 29.31 55.48 316.28

Feb-17 210 175, 400 29.31 6.15 35.09

Mar-17 538 175, 400 29.31 15.77 89.89

Apr-17 196 175, 400 29.31 5.74 32.75

Table 7 The operating records of the groundwater heat pump (GWHP) system for 

both heating and cooling

Operating conditionsOperating records

Cooling Heating 

Well pumping (kW) 199-330 199-330

Heat pumps (kW) 528-1, 584 720-2, 160

Well injection (kW) 200-600 200-600Energy 

consumption

Greenhouse water 

circulation (kW)

60 60

Fluid flow rate Well (m3/h) 540-1, 620 540-1, 620



Greenhouse (m3/h) 700-2, 100 700-2, 100

Working hours System operation (h) 52 169

Table 8 Comparison of the capital costs of both the boiler and groundwater heat 

pump system

Boiler system GWHP system

Components No. Price 

(USD) 

Components No. Price 

(USD)

Water tank 

+Combustion 

chamber

2+2 224, 510 Heat pump 3 164, 450

Dust collector 2 1, 716 Desander 18 143

Draught fan 2 3, 289 Greenhouse 

water pumps

3 3, 289

Blower fan 2 3, 475 Well injection 

pump

3 2, 860

Water circulation 

pump

1 143 Well pumping 

pump 

30 172

Installation - 14, 300 Well drilling 60 3, 289

Total 480, 423 716, 859

Table 9 Comparison of the operating costs for both the boiler system in 2016/2017 

and groundwater heat pump (GWHP) system in 2018/2019 

System

Boiler GWHP 

Operating costs

Heating Heating Cooling

Qe,B/C (kWh) 1, 464, 600 6, 144, 502 1, 185, 184

Pe (USD/kWh) 0.104 0.104 0.104

Qt (ton) 5, 342 - -



Pcoal (USD/ton) 100.1 - -

Cmain(USD) 7, 150 7, 150

Total (USD/yr) 694, 202 769, 437

Table 10 The estimated annual system investments and thermal loads of the boiler 

system and the GWHP system 

SystemEconomic 

factor Boiler GWHP

Heating Cooling Total

Ccap (USD) 480, 432 481, 825 235, 034 716, 859

Coper (USD/yr) 677, 771 628, 923 171, 309 800, 232

Qs (kWh/yr) 13, 754, 341 13, 754, 341 6, 709, 352 20, 463, 693
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