
 

 

Optimal design of photovoltaic 
shading systems for multi-story 
buildings 
Li, X., Peng, J., Li, N., Wu, Y., Fang, Y., Li, T., Wang, M. &  
Wang, C. 
 
Author post-print (accepted) deposited by Coventry University’s Repository 
 
Original citation & hyperlink:  

Li, X, Peng, J, Li, N, Wu, Y, Fang, Y, Li, T, Wang, M & Wang, C 2019, 'Optimal design of 
photovoltaic shading systems for multi-story buildings' Journal of Cleaner 
Production, vol. (In-press), pp. (In-press). 
https://dx.doi.org/10.1016/j.jclepro.2019.01.246   
 

DOI 10.1016/j.jclepro.2019.01.246 
ISSN 0959-6526 
ESSN 1879-1786 
 
Publisher: Elsevier 
 
NOTICE: this is the author’s version of a work that was accepted for publication in 
Journal of Cleaner Production. Changes resulting from the publishing process, such 
as peer review, editing, corrections, structural formatting, and other quality 
control mechanisms may not be reflected in this document. Changes may have 
been made to this work since it was submitted for publication. A definitive version 
was subsequently published in Journal of Cleaner Production, [In -press], (2019)] 
DOI: 10.1016/j.jclepro.2019.01.246 
 
© 2019, Elsevier. Licensed under the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International 
http://creativecommons.org/licenses/by-nc-nd/4.0/ 
 
Copyright © and Moral Rights are retained by the author(s) and/ or other copyright 
owners. A copy can be downloaded for personal non-commercial research or study, 
without prior permission or charge. This item cannot be reproduced or quoted extensively 
from without first obtaining permission in writing from the copyright holder(s). The 
content must not be changed in any way or sold commercially in any format or medium 
without the formal permission of the copyright holders.  
 
This document is the author’s post-print version, incorporating any revisions agreed during 
the peer-review process. Some differences between the published version and this version 
may remain and you are advised to consult the published version if you wish to cite from 
it.  

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by CURVE/open

https://core.ac.uk/display/228157157?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://dx.doi.org/10.1016/j.jclepro.2019.01.246
http://creativecommons.org/licenses/by-nc-nd/4.0/


Accepted Manuscript

Optimal design of photovoltaic shading systems for multi-story buildings

Xue Li, Jinqing Peng, Nianping Li, Yupeng Wu, Yueping Fang, Tao Li, Meng 
Wang, Chunlei Wang

PII: S0959-6526(19)30271-9

DOI: 10.1016/j.jclepro.2019.01.246

Reference: JCLP 15633

To appear in: Journal of Cleaner Production

Received Date: 17 September 2018

Accepted Date: 22 January 2019

Please cite this article as: Xue Li, Jinqing Peng, Nianping Li, Yupeng Wu, Yueping Fang, Tao Li, 
Meng Wang, Chunlei Wang, Optimal design of photovoltaic shading systems for multi-story 
buildings,  (2019), doi: 10.1016/j.jclepro.2019.01.246Journal of Cleaner Production

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to 
our customers we are providing this early version of the manuscript. The manuscript will undergo 
copyediting, typesetting, and review of the resulting proof before it is published in its final form. 
Please note that during the production process errors may be discovered which could affect the 
content, and all legal disclaimers that apply to the journal pertain.



ACCEPTED MANUSCRIPT

1 Highlights:

2 1. This paper focuses on the optimal design of photovoltaic shading systems;

3 2. A special PV module configuration was presented to reduce shading effect;

4 3. Numerical model embodying a profile angle was developed to analyze shading 

5 effect;

6 4. Optimum tilt angles and widths were obtained by analyzing benefit per capacity.

7
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23 Abstract：

24 This study provides new insights into the comprehensive energy and economic 

25 performances of photovoltaic shading systems (PVSS) in multi-story buildings. A 

26 numerical shading model was developed to evaluate the shading effect from an upper 

27 PVSS row on its subjacent row. Simulation models based on EnergyPlus were 

28 developed to analyze the net electricity consumption (NEC) of PVSS with different 

29 tilt angles and widths in different climates. Benefit per capacity (BC) and the cost of 

30 benefit (CB) indicators were used to analyze the economic performances of PVSS. 

31 Finally, the optimum PVSS tilt angles and widths in different cities were obtained. 

32 Harbin, Beijing, Changsha, Kunming, and Guangzhou, were selected as representative 

33 cities for different geographical and climatic conditions. The results indicate that the 

34 optimum tilt angles for PVSS installed in Harbin, Beijing, Changsha, Kunming and 

35 Guangzhou are 55°, 50°, 40°, 40° and 30°, respectively. Optimum PVSS width for all 

36 five cities is 1.156m (7 columns of standard solar cells). PVSS installed, using the 

37 optimal design scheme, in multi-story buildings have better energy-saving potentials 

38 than either rooftop photovoltaic systems or traditional power supply modes for 

39 commercial buildings in China. 

40

41 Keywords: photovoltaic shading systems, numerical shading model, net electricity 

42 consumption, cost of benefit

43
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Nomenclature

Abbreviations
AEGunit        annual electricity generation per unit area
BC         benefit per capacity
CB         cost of benefit
CEB        comprehensive electricity benefit
LCC        life cycle cost
NEC        net electricity consumption
PV         photovoltaic
PVSS       photovoltaic shading systems

Symbols
H          height of each story (m)
Im          module current at maximum power (A)
Isc          short circuit current (A)
Vm         module voltage at maximum power (V)
Voc         open circuit voltage (V)
αp          profile angle (°) 
αs          solar altitude angle (°)
β           PVSS tilt angle (°)  
γ           surface azimuth angle (°)
γs               solar azimuth angle (°)
γs`          pseudo solar azimuth angle (°)
δ           declination (°)
θz          zenith angle (°) 
Φ          latitude (°)
ω                    PVSS width (m) 
ω0          hour angle (°)
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66 1. Introduction

67 Currently the building sector is responsible for more than one-third of all primary 

68 energy consumption and equivalent carbon emissions in developed countries [1]. 

69 Civil building energy consumption accounts for about 20% of the total energy 

70 consumption of society in China [2]. Daily operational building energy consumption, 

71 e.g. heating (space heating and hot water supply), cooling and lighting, accounts for 

72 about 80% of total building energy consumption [2]. Reducing building energy 

73 consumption would relieve the pressures of the energy crisis. Recently with the desire 

74 to use renewable energy, photovoltaic (PV) modules integration into building façades 

75 has gained wide attention and support.

76 Many experimental and theoretical investigations are focusing on the performance of 

77 PV modules integrated into building façades. These configurations have the potential 

78 to comprehensively improve both building energy and economic performances. Peng 

79 et al. [3-5] put forward a novel ventilated BIPV façade which lowered solar heat gain 

80 coefficient (SHGC) compared with a non-ventilated PV double-skin façade 

81 (PV-DSF). They [6] also compared the annual thermal performances of the PV façade 

82 and a normal façade. The results showed that each square meter of a south-facing 

83 normal façade replaced by a PV façade had an annual energy saving of 52.1kWh. 

84 Wang et al. [7, 8] experimentally compared the overall energy performances of a 

85 PV-DSF and a PV insulated glass unit (PV-IGU). Simulation models for the PV-DSF 

86 and PV-IGU were developed and validated against these experimental data. The 

87 results showed average energy saving potentials of 28.4% and 30% for PV-DSF and 
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88 PV-IGU, respectively. The energy performance of a semi-transparent a-Si PV-IGU 

89 was also evaluated numerically and experimentally. The results showed that 

90 compared with a single clear glass window and a Low-E glass window, the energy 

91 saving potential of the optimized PV-IGU was 25.3% and 10.7%, respectively. Koo et 

92 al. [9-11] developed a four-node-based finite element model to estimate the 

93 techno-economic performance of building-integrated PV blind (BIPB). They also 

94 explored the nonlinearity of shading effects on the techno-economic performance of 

95 BIPB and the impacts of BIPB on net-zero energy solar buildings. These findings can 

96 be used to determine the primary variables of the BIPB before implementation. Sun et 

97 al. [12,13] put forward an innovate model (combined optical, electrical and energy 

98 model) to comprehensively evaluate the performance of an office equipped with 

99 STPV (Semi-Transparent Photovoltaic) window and analyzed the effect of window 

100 design on overall energy efficiency. The results showed that the optimal design 

101 scenario of applying window integrated PV cannot only lead to a reduction in energy 

102 consumption of up to 73%, but also provide a better daylight performance compared 

103 with the conventional double glazing. Li et al. [14] combined the life cycle cost 

104 (LCC) and a pixel method for visualizing economic performance and discovered that 

105 a PV facade installation was sometimes competitive with a rooftop PV installation. 

106 PV modules can also be used as photovoltaic shading systems (PVSS). PVSS have 

107 been widely used on low-story and multi-story buildings recently. It acts as a building 

108 power generator, which can deliver electricity at a lower cost to end users than grid 

109 electricity in certain peak-demand niche markets [15]. On the other hand, it serves as 
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110 an external shading device for buildings. This will reduce the solar heat gain of 

111 exterior windows, further lowering the building cooling load in summer [16]. Several 

112 studies have examined PVSS. Sun et al. [16, 17, 18] performed a series of studies on 

113 PVSS applications in Hong Kong. System tilt angle and orientation were optimized 

114 by taking annual electricity generation and annual cooling electricity consumption as 

115 the optimal objective based on the models established in EnergyPus. Annual lighting 

116 electricity consumption, however, was not considered in their study. Yoo et al. [19, 

117 20] held an experiment to examine the performance of a south-facing PVSS and 

118 suggested that PVSS should be used for generating electricity and providing shading 

119 for buildings. Hu et al. [21, 22] developed a series of numerical models for calculating 

120 heat transfer and electricity generation of PVSS, analyzed the net electricity 

121 consumption (NEC) of PVSS and investigated its influence on the indoor lighting 

122 environment. Zhang et al. [23] established simulation models based on EnergyPlus to 

123 explore PVSS energy-saving potential using various tilt angles and orientations in 

124 Hong Kong. The results showed that PVSS should be installed on the south-facing 

125 façade with a 20° tilt angle and could achieve greater annual overall electricity 

126 benefits than interior blinds. In fact, there are many computer simulation tools 

127 available to study renewable energy systems, such as RETScreen, HYBRID2, 

128 HOMER, TRNSYS, and EnergyPlus. From the above statements, it is seen that 

129 EnergyPlus [24] is a more comprehensive software which has been widely used to 

130 simulate and evaluate the building thermal, daylighting performance and PV power 

131 generation performance.
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132 Despite these efforts in previous studies, optimizing PVSS comprehensive energy and 

133 economic performances in multi-story buildings has rarely been conducted. However, 

134 there are some severe issues for its application in multi-story buildings. One of the 

135 biggest issues is the shading effect from the upper PVSS row on its subjacent row. 

136 Thus, when determine and optimize the PVSS design parameters, this shading effect 

137 cannot be ignored. PVSS design parameters include its tilt angle and width. The 

138 optimum tilt angle is obviously different for various locations and climates. For 

139 example, to maximize the electricity generation of PVSS, the tilt angle should be 

140 approximate to the local latitude. However, the heating and cooling energy 

141 consumptions in different climates were also affected by the tilt angle of PVSS. In 

142 north China (i.e. heating dominated areas), to minimize the heating electricity 

143 consumption in winter, the PVSS tilt angle (the angle between the PVSS and the 

144 horizontal plane) should be larger to allow sufficiently direct sunlight into rooms. In 

145 south China (i.e. cooling dominated areas), to minimize cooling electricity 

146 consumption in summer, the tilt angle should be smaller to avoid too much heat gain 

147 from exterior windows. Therefore, in different climatic regions, there is an optimum 

148 tilt angle for PVSS installation to minimize the NEC. In addition, PVSS with various 

149 widths may result in different economic performances. Wider PVSS may generate 

150 more electricity, but its economic performance might be inferior compared with a 

151 narrower PVSS as its cost may be higher. Thus, it is necessary to analyze PVSS 

152 optimum width to obtain the best economic performance. The PVSS optimum tilt 

153 angle and width mentioned above will be affected by its shading effect. That is to say, 
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154 the shading effect can change the optimum tilt angles and widths in different locations 

155 and climates. PVSSs with different widths and tilt angles result in different shading 

156 effects. This shading effect is inevitable in low latitude climates and has a significant 

157 impact on electricity generation. Electricity generated by PV modules has a nonlinear 

158 current-voltage (I-V) characteristic and there is a maximum power point (MPP) on its 

159 power-voltage (P-V) curve [25]. To maximize the electricity generation, PV modules 

160 must operate at the MPP [26-29]. Under uniform irradiance condition, PV systems 

161 have a unique Maximum Power Point (MPP) on the output characteristics curve. This 

162 MPP can be tracked by Maximum Power Point Tracking (MPPT) techniques [30, 31]. 

163 One of the major causes reducing the efficiency of PV modules is partial shading, 

164 which has a negative influence on the uniform irradiation [25]. In partial shading 

165 conditions, PV modules in an array receive different solar irradiation, therefore, there 

166 are multiple peaks on the P-V and I-V curves of the PV array. The presence of 

167 multiple peaks on the output characteristics can mislead the conventional MPPT 

168 controller to work on a local MPP, so resulting in power losses in the system [32]. In 

169 general, partial shading conditions can decrease power output and has a significant 

170 impact on the capability of delivering energy [33-36]. It was reported that ten percent 

171 (10%) shading on a conventional PV panel may cause up to an over 85% power loss 

172 and this power loss will rise as the shaded area increases [37]. Therefore, it is 

173 essential to use a special PV module configuration and analyze the shading effect on 

174 its comprehensive energy and economic performances in different cities.

175 This paper used a special PV module configuration that reduces the shading effect 
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176 from an upper PVSS row on its subjacent row in terms of the power output. A 

177 numerical shading model was developed to analyze the PVSS shading effect and 

178 PVSS comprehensive energy performance was conducted in EnergyPlus. As the 

179 shading effect is always the same for different rows of PVSS on a multi-story 

180 building, the multi-story building model was further simplified into a two-story office 

181 building in the numerical shading model and EnergyPlus in this study. The economic 

182 performance was quantified by LCC analysis. Two optimization objectives – NEC 

183 and benefit per capacity (BC) were used to address this optimization issue. In 

184 considering shading effects, the PVSS tilt angles and widths were optimized for 

185 different cities. Finally, the optimal PVSS installation mode, which combined the tilt 

186 angles and widths for different climatic regions was obtained.

187 2. Methodology

188 This paper investigates the comprehensive energy and economic performances of 

189 PVSS in different climatic regions with taking the shading effect from the upper 

190 PVSS row on its subjacent row into account. A special PV module configuration for 

191 multi-story buildings was used to minimize the shading effect as much as possible. A 

192 numerical shading model was developed to analyze this shading effect in different 

193 cities. Simulation models based on EnergyPlus were developed to explore 

194 comprehensive PVSS energy performance, while the BC and CB were used to 

195 evaluate the PVSS economic performance.
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196 2.1 Analytical overview 

197 The holistic analysis workflow method appears in Figure 1. It should yield the optimal 

198 widths and tilt angles of PVSS in different climatic regions. The detailed information 

199 for each stage is as follows:

200 Stage I: Special PV module configuration

201 A special PV module configuration was used. By adopting this configuration, PV 

202 module electricity generation efficiency could be less affected by the shading effect 

203 from the upper PVSS row.

204 Stage II: Numerical shading model

205 A numerical shading model was developed. The latitude of the geographic location 

206 and PVSS width value were input, and tilt angle ranges which did not shade the 

207 subjacent row for the whole year (without considering nearby shading objects, such as 

208 buildings, trees, etc.) were obtained for each city.

209 Stage III: Building model in EnergyPlus

210 EnergyPlus was employed to analyze PVSS thermal, daylighting, and power 

211 generation performances. A multi-story office building model was established in 

212 EnergyPlus which accounts for the shading effect from the upper PVSS row on its 

213 subjacent row. The EnergyPlus PVSS power generation model was verified 

214 experimentally.

215 Stage IV: PVSS energy performance analysis

216 NEC was adopted to analyze the comprehensive energy performance and obtain the 

217 optimum PVSS tilt angles installed in various cities. PVSS NECs at various tilt angles 
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218 and widths in the different regions were simulated. The optimum tilt angles for each 

219 width were obtained by maximizing the comprehensive energy performance 

220 (minimizing PVSS NECs).

221 Stage V: PVSS economic performance (Benefit per Capacity) analysis

222 BC was used to analyze the economic performance and obtain the optimum PVSS 

223 widths at the various cities. PVSS BC (BCshading) at the optimum tilt angle for each 

224 group was calculated. The optimum PVSS widths in different cities were obtained by 

225 maximizing the economic performance (maximizing BCshading). In addition, the BC of 

226 a traditional rooftop PV system (BCroof) was calculated for comparison with the 

227 PVSS. If PVSS BC was greater than that of the rooftop PV systems, then a conclusion 

228 can be drawn that the installation of PVSS in multi-story buildings would be feasible, 

229 otherwise, it would not be feasible.

230 Stage VI: PVSS economic performance (Life Cycle Cost) analysis

231 LCC was employed to describe the detailed PVSS economic performance with the 

232 optimum widths and tilt angles. The CBs of PVSS for different climatic regions were 

233 compared with the retail electricity price for public buildings in China. If CB<0.95 

234 RMB/kWh, then a PVSS installation in a multi-story building is feasible, otherwise, it 

235 is not feasible.

236
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237

238 Figure 1. Flowchart of modeling and calculating optimum PVSS tilt angles and 
239 widths for different cities

240 2.2 Special PV model configuration

241 Figure 2(a) shows a traditional PV module configuration, which indicates all solar 

242 cells are connected in series. If the upper PVSS row partially shadows its subjacent 

243 row, the power generation efficiency of the subjacent row decreases significantly. 

244 Besides, it is unprocurable to simulate mismatch losses caused by partial shading in 
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245 EnergyPlus, only the power losses due to the reduction of solar radiation can be 

246 simulated. Therefore, a special PV module configuration was called for and used in 

247 this paper and appears in Figure 2(b). The solar cells are connected in a series along 

248 the length direction and in parallel across the width direction for the special PV 

249 module configuration. Compared with the traditional configuration, this special PV 

250 module configuration is insensitive to the shading effect. The upper PVSS row 

251 shading only affects the power generation of subjacent row solar cells that are shaded 

252 and it can reduce the mismatch loss to the minimum. It was reported that the 

253 maximum power increase of the special configuration is 31.93% compared with the 

254 traditional configuration [25]. Thus, the PV module with a special configuration 

255 would be less affected by upper PVSS row shading and its power generation 

256 performance can be simulated by EnergyPus. 

257
258 Figure 2(a). Traditional PV module configuration for PVSS

259
260 Figure 2(b). Special PV module configuration for PVSS
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261 2.3 PVSS Shading model 

262 The relative geographical relation of the city to the Tropic of Cancer determines upper 

263 PVSS row shading effects on its subjacent and differs from city to city. As latitude 

264 decreases, upper PVSS row shading on its subjacent row increases. This research used 

265 an additional angle, the profile angle αp of beam radiation on a receiver plane R that 

266 has a surface azimuth angle of γ. The profile angle is the projection of the solar 

267 altitude angle onto a vertical plane perpendicular to the plane in question, R. [38]. It is 

268 useful in analyzing the shading effect from an upper PVSS row on its subjacent row 

269 in different cities.

270 The solar altitude angle αs and the profile angle αp of the plane R are shown in Figure 

271 3. If there is no shading at summer solstice (21 or 22 June) noon, then there will be no 

272 shading throughout the year in that location. The profile angle at summer solstice 

273 noon was used to evaluate if there exists any shading throughout the year. Going from 

274 north to south the latitudes for Harbin, Beijing, Changsha, Kunming, and Guangzhou 

275 decrease. As Guangzhou is below the Tropic of Cancer, sunlight is vertical to the 

276 horizontal surface at summer solstice noon and upper PVSS row shading on the 

277 subjacent row is inevitable. A minimum NEC can still be obtained by adjusting PVSS 

278 to the optimum tilt angle and width.
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279
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280 Figure 3. Solar altitude angle αs (∠BAC) and profile angle αp (∠DEF) for surface R

281 The profile angle can be calculated by the Eq. (1).

282                            (1)tan𝛼𝑝 =
𝑡𝑎𝑛𝛼𝑠

cos (𝛾𝑠 ― 𝛾)

283 The declination δ  can be found from the equation of Cooper [39] and can be 

284 calculated by Eq. (2). 

285                         (2)δ = 23.45 ∗ sin
2π(284 + n)

365

286 Zenith angle (θz) is the angle between the vertical and the line to the sun while solar 

287 altitude angle (αs) is the angle between the horizontal and the line to the sun, thus, 

288 zenith angle is the complement of the solar altitude angle and can be calculated by Eq. 

289 (3).

290                (3)𝑐𝑜𝑠𝜃𝑧 = 𝑐𝑜𝑠Φ 𝑐𝑜𝑠𝛿 𝑐𝑜𝑠𝜔 + 𝑠𝑖𝑛Φ 𝑠𝑖𝑛𝛿 = 𝑠𝑖𝑛𝛼𝑠

291 Solar azimuth angle (γs) is the angular displacement from south of the projection of 

292 beam radiation on the horizontal plane. It can be found from Braun and Mitchell [40] 

293 and calculated by Eq. (4) - (10). 

294                   (4)𝛾𝑠 = 𝐶1𝐶2𝛾`
𝑠 + 𝐶3(1 ― 𝐶1𝐶2

2 )180

295 where                                                (5)sin𝛾`
𝑠 =

𝑠𝑖𝑛𝜔0𝑠𝑖𝑛𝛿
𝑠𝑖𝑛𝜃𝑧

296 or                                       (6) tan𝛾`
𝑠 =

𝑠𝑖𝑛𝜔0

𝑠𝑖𝑛Φ 𝑐𝑜𝑠𝜔0 ― 𝑐𝑜𝑠𝛷 𝑡𝑎𝑛𝛿
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297                       (7)𝐶1 = {1 if |ω0| < ωew
―1  otherwise

298                    (8)𝐶2 = {1  𝑖𝑓 𝜙(𝜙 - 𝛿) ≥ 0
-1     otherwise 

299                       (9)𝐶3 = { 1       ω0 ≥ 0
―1  otherwise

300                          (10)cos𝜔𝑒𝑤 =
𝑡𝑎𝑛𝛿
𝑡𝑎𝑛∅

301 Surface azimuth angle (γ) is the deviation of the projection on a horizontal plane of 

302 the normal to the surface from the local meridian. With zero due south, east negative 

303 and west positive. In this research, all PVSS surfaces face south and the surface 

304 azimuth angle is zero.

305 The cross-section view of a PVSS installed in multi-story buildings appears in Figure 

306 4. The relationship between H, β, ω, and αp are calculated in Eqs. (11). The tilt angle β 

307 is the angle between the PVSS and the horizontal plane. The lower ends of the PVSS 

308 and the head of windows are kept at the same height.

309

α
H

β

β 

ω 

ω 

p

310 Figure 4. Cross-section of PVSS on a multi-story building

311                             (11)H =  ω sin𝛽 +  ω cos𝛽 tan𝛼𝑝 ≤ 3.9𝑚

312 The detailed information about the dimensions of the office building and PVSS are 

313 obtained from a simulation model established in EnergyPlus (Sec. 2.4.1). Story height 
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314 (H) is 3.9m. The PVSS consists of 9 PV modules and the PV module includes many 

315 solar cells (156mm*156mm) that are separated by 8mm solar cell gaps. The number 

316 of cells along the length direction is 10 while the number of cells along the width 

317 direction ranges from 4 to 7. PV module length is 1.65m, but width varies from 

318 0.664m to 1.156m corresponding to the 4-7 solar cells in parallel. The tilt angle (β) 

319 ranges, for which no shading would occur in the five cities, can be calculated through 

320 Eqs. (1) to (11). The results appear in Table 1. Due to the low solar altitude angle, 

321 there is no shading effect from the upper PVSS row on its subjacent row in Harbin 

322 regardless of tilt angles or widths. Partial shading occurs in Beijing when the PVSS 

323 tilt angle ranges from 7° to 27° with a width of 1.156m. It has no effect on the analysis 

324 of the optimum tilt angle because the optimum tilt angle for Beijing is outside this 

325 range. Therefore, shading effects for Harbin and Beijing need not be analyzed. The 

326 shading from the upper PVSS row has a significant impact on the performance of the 

327 subjacent row in Changsha, Kunming, and Guangzhou. This is especially true for 

328 Guangzhou where the shading effect is inevitable around the summer solstice due to 

329 its proximity to the Tropic of Cancer. Therefore, PVSS shading effect on its 

330 comprehensive energy and economic performances in these three cities warrants 

331 closer investigation.

332

333 Table 1. PVSS tilt angle ranges without shading for various widths
City Latitude (°) Width (m) Tilt range for no shading

0.664 [0°,90°]
0.828 [0°,90°]
0.992 [0°,90°]

Harbin 45.75

1.156 [0°,90°]
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0.664 [0°,90°]
0.828 [0°,90°]
0.992 [0°,90°]

Beijing 39.8

1.156 [0°,7°]∪[27°,90°]
0.664 [65°,90°]
0.828 [71°,90°]
0.992 [75°,90°]

Changsha 28.22

1.156 [78°,90°]
0.664 [81°,90°]
0.828 [83°,90°]
0.992 [85°,90°]

Kunming 25.02

1.156 [86°,90°]
0.664 Ø
0.828 Ø
0.992 Ø

Guangzhou 23.17

1.156 Ø

334 A shading loss simulation model was established by 3D shading calculator in System 

335 Advisor Model (SAM) [41] to verify the accuracy of the numerical shading model. 

336 The SAM 3D shading calculator uses a sun position algorithm and a 

337 three-dimensional drawing of a photovoltaic array to generate hour-by-month tables 

338 of shading loss percentages. The shading effect from the upper PVSS row on its 

339 subjacent row can be approximately quantified by shading loss. Shading loss at 

340 certain times is the ratio of the shaded area to the total active area and is calculated in 

341 SAM. The shading losses of PVSS with different widths and tilt angles at summer 

342 solstice noon were simulated in SAM for Changsha and Kunming. It ranges from 

343 0%-100%, and 0% represents no shading while 100% is full shading. Figure 5 shows 

344 the PVSS shading losses on the summer solstice at noon in Changsha. For each width, 

345 the shading losses of PVSS decline continuously as the tilt angle increases. The 

346 simulation results are similar to the calculation results in Table 1. The simulation 

347 results for Kunming in Figures 6 also nearly fit with the calculated results in Table 1. 
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348 As Guangzhou crosses through the Tropic of Cancer, the sunlight is perpendicular to 

349 the ground on the summer solstice at noon, which lead to a 100% shading loss for 

350 PVSS with all widths and tilt angles. Compared with the numerical shading model, 

351 there are some assumptions about the shading loss in SAM, for example, the sun 

352 position is at the midpoint of each hour on the 14th day of each month. Therefore, the 

353 numerical shading model developed here is more accurate to analyze the shading 

354 effect from the upper PVSS row on its subjacent row and facilitates the analysis of 

355 PVSS shading effect on its comprehensive energy and economic performances in 

356 different cities. 
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358 Figure 5. PVSS shading loss at summer solstice noon in Changsha



ACCEPTED MANUSCRIPT

359  
0 10 20 30 40 50 60 70 80 90

0

5

10

15

20

25

30

35

40

Sh
ad

e 
lo

ss
/ %

Tilt angle/ °

 0.664m width
 0.828m width
 0.992m width
 1.156m width

360 Figure 6. PVSS shading loss at summer solstice noon in Kunming

361 2.4 Simulation and analysis of comprehensive PVSS energy performance

362 A set of simulation models were developed in EnergyPlus to analyze the 

363 comprehensive PVSS energy performances in different cities around China. The 

364 PVSS electricity generation model was validated against the experimental data. In 

365 addition, NEC was defined to quantify the PVSS comprehensive energy performance 

366 and the optimum tilt angles of each width were obtained by minimizing the NECs.

367 2.4.1 EnergyPlus simulation model

368 The simulation model established in EnergyPlus was based on a typical Chinese 

369 multi-story office building. Building model dimensions are 16m (length) * 8m (width) 

370 * 3.9m (story height). The distance from the roof to the upper edge of the window is 

371 0.84m. The distance from the floor to the lower edge of the window is 1.5m. 

372 According to building energy efficiency standards in China [42], there are different 

373 requirements for thermal properties of building envelopes in different climates. In this 
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374 research, all U values of external walls, roofs, floors and windows in five climates 

375 were set to satisfy the thermal requirements. Double clear glazing system (U-value 

376 2.78W/m2k) were used for window systems. Besides, each floor has 9 PV modules 

377 installed on its south-facing façade and constitute a PVSS (Fig. 8). Two PVSSs were 

378 set in the model to analyze the shading effect on comprehensive energy and economic 

379 performances. The PV modules in the upper PVSS row are defined as PV21, PV22, 

380 PV23, PV24, PV25, PV26, PV27, PV28, PV29 and in the subjacent PVSS row are defined 

381 as PV11, PV12, PV13, PV14, PV15, PV16, PV17, PV18, PV19. The PVSS tilt angle ranges 

382 from 0° to 90°, at 5° interval. Key parameters of the PV module with 60 solar cells 

383 modelled in EnergyPlus are shown in Table 2. The widths of the PV module are set as 

384 0.664m, 0.828m, 0.992m, 1.156m, as presented in Table 3. The current at the 

385 maximum power point of the PV module with various widths can be calculated by Eq. 

386 (12). The short circuit current is proportional to the number of solar cells in parallel. 

387 Open circuit voltage and the voltage at the maximum power point were simplified as 

388 constants. Shunt resistances of PV modules with various widths can be calculated by 

389 EES software. 

390  

391 Figure 7. The EnergyPlus simulation model
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392                               (12)FF =
𝐼𝑚𝑉𝑚

𝐼𝑠𝑐𝑉𝑜𝑐

393 Table 2. PV module key parameters

Parameters Values
Solar cell type Poly-Si

Solar cell size (mm*mm) 156*156
Solar cell gap (mm) 8

Number of cells in width 6
PV panel width (m) 0.992
PV panel area (m2) 1.637

Transmittance absorptance product 0.9
Semiconductor bandgap (eV) 1.12

Short circuit current (A) 54
Open circuit voltage (V) 6.4

Module current at maximum power (A) 51
Module voltage at maximum power (V) 5.1

Shunt resistance (Ω) 776
Reference temperature (℃) 25

Reference insolation (W/m2) 1000
Temperature coefficient of short circuit current(A/K) 0.00477
Temperature coefficient of open circuit voltage(V/K) -0.1222

Module heat loss coefficient (W/m2*K) 30
Total heat capacity (J/m2*K) 50000

394 Table 3. PV module parameters at various widths

Main parameters Values Values Values Values
Solar cell type Poly-Si Poly-Si Poly-Si Poly-Si

Solar cell size (mm*mm) 156*156 156*156 156*156 156*156
Solar cell gap (mm) 8 8 8 8

Number of cells in width 4 5 6 7
PV panel width (m) 0.664 0.828 0.992 1.156
PV panel area (m2) 1.096 1.366 1.637 1.907

Short circuit current (A) 36 45 54 63
Open circuit voltage (V) 6.4 6.4 6.4 6.4

Module current at maximum power (A) 34 42.5 51 59.5
Module voltage at maximum power (V) 5.1 5.1 5.1 5.1

Shunt resistance (Ω) 1000 1000 776 630

395 The heat transfer model, daylighting model and PV power generation model in 

396 EnergyPlus were used to analyze PVSS thermal, daylighting and power generation 

397 performances. The weather data of Solar and Wind Energy Resource Assessment 
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398 (SWERA) were adopted for the simulation.

399 The heat transfer model was employed to simulate the hourly heating and cooling 

400 load. In Changsha, Kunming, and Guangzhou, an air source heat pump was used to 

401 provide cooling in summer and heating in winter. The COP for cooling was 3.0 and 

402 2.75 for heating. In Harbin and Beijing, a natural gas-fired boiler was used for heating 

403 and its efficiency was 0.8. Air source air conditioning was used to provide cooling in 

404 summer and its COP was set to be 3.0. The natural gas energy used by the boiler was 

405 converted into electrical energy using a conversion factor to analyze NEC.

406 The daylighting model was used to determine the daylight illuminance at reference 

407 points. As the PVSS reduces the available daylight getting into the office, electricity 

408 consumption to provide artificial lighting is expected to increase. When the 

409 illuminance level in a zone is lower than the design value, artificial lighting will be 

410 turned on to compensate. The daylighting model was used to simulate artificial 

411 lighting electricity consumption. The lighting control points were set in the middle of 

412 each area at a height of 0.75 m. The illumination level and lighting density were set to 

413 be 300 lux and 9W/m2, respectively.

414 The PV power generation model was used to simulate the PVSS electricity 

415 generation. There are three different power generation models in EnergyPlus and 

416 Equivalent One-Diode model was adopted in this paper because it is relatively 

417 accurate for predicting the polycrystalline silicon solar cells’ performance [43].

418 2.4.2 Model verification

419 A test rig was built to verify the accuracy of the PVSS power generation model. The 
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420 building dimensions are 4 (length) × 4 (width) × 2.5 (height). The size of the PV 

421 module is 1.65m (length) * 0.992m (width) and the PV cell type is polycrystalline 

422 silicon. The PV module’s rated power is 260 W and the efficiency is 15.9%. The 

423 measurement period was from September 2014 to April 2015. Main equipment 

424 adopted in this experiment includes an inverter, MPPT charge controller, I-V curve 

425 tracer, pyranometers, data loggers etc. A massive amount of data, such as the power 

426 and energy output, the I-V curves, the solar radiation and temperature, has been 

427 collected and recorded. Figure 8 compares the generic PVSS model in EnergyPlus 

428 (left) and the real test rig (right).

429
430 Figure 8. Generic PVSS model in EnergyPlus (left) and real test rig (right)  

431 From the measurement results in January 2015, the daily mean ambient temperature 

432 ranges from 13.3℃ to 21.4℃, the lowest value occurs on Jan 13th, and the highest 

433 value occurs on Jan 6th. The daily solar irradiation incident on PV module (7am to 

434 5pm) on Jan 5th, 7th, 12th, 13th, 29th and 31st are relatively low because of the 

435 overcast weather condition (around 200Wh), while it is relatively high on sunny days, 

436 such as Jan 6th, 19th, 22th and 23th (around 5000Wh). Figure 9 compares the 

437 measured electricity generation and the simulated electricity generation in January 
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438 2015. The dates with lower solar irradiation lead to lower power generation, and vice 

439 versa, which indicates that the dominant factor contributing to the power generating is 

440 solar irradiation. Besides, the daily simulated electricity generation agrees well with 

441 the daily measured electricity generation. In terms of the monthly electricity 

442 generation, the measured electricity generation in January 2015 was 22.6 kWh. The 

443 corresponding simulation figure was 23.5 kWh. The deviation was 3.8%. Therefore, 

444 the simulation model can accurately simulate the PVSS electricity generation in other 

445 climatic regions.

446
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447 Figure 9. Comparison between experimental and simulation results

448 2.4.3 Comprehensive PVSS energy performance indicators

449 Net electricity consumption (Qnec) consists of heating and cooling energy 

450 consumption, lighting electricity consumption and PVSS electricity generation, as 
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451 shown in Eq. (13). The PVSS optimum tilt angles installed in the different cities can 

452 be determined by minimizing NEC.

453                         (13)𝑄𝑛𝑒𝑐 = 𝑄𝑎 + 𝑄𝑙 ― 𝑄𝑒

454 Qnec is the net electricity consumption of the building with PVSS. Qa is the annual 

455 heating and cooling energy consumption. is the annual lighting electricity 𝑄𝑙 

456 consumption. Qe is the annual PVSS electricity generation. 

457 2.5 Analysis of PVSS economic performance

458 BCshading was defined to quantify PVSS economic performance, and the optimum 

459 PVSS widths in five cities can be determined by maximizing BCshading. Economic 

460 performance comparison between PVSS and a traditional rooftop PV system were 

461 conducted to determine if the PVSS was economically feasible. Finally, an LCC tool 

462 was employed to explore the detailed economic benefits of PVSS with optimum 

463 widths and tilt angles in different climatic regions.

464 2.5.1 PVSS economic performance indicator

465 Comprehensive electricity benefit (Qceb) was employed to evaluate the PVSS 

466 economic performance. BCshading represents the comprehensive electricity benefit of 

467 per unit installed PVSS capacity, as described by Eq. (14) and Eq. (15).                          

468                       (14)𝑄𝑐𝑒𝑏 = 𝑄𝑒 + (𝑄𝑎0 ― 𝑄𝑎) +(𝑄𝑙0 ― 𝑄𝑙)

469                            (15)𝐵𝐶𝑠ℎ𝑎𝑑𝑖𝑛𝑔 =
𝑄𝑐𝑒𝑏

𝑄𝑐𝑎𝑝

470 Qceb is the PVSS comprehensive electricity benefit. BCshading is the comprehensive 

471 electricity benefit of per unit installed PVSS capacity. Qa is the annual heating and 
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472 cooling energy consumption of the PVSS building. Qa0 is the annual heating and 

473 cooling energy consumption of the non-PVSS building. Ql is the annual lighting 

474 electricity consumption of the PVSS building. Ql0 is the annual lighting electricity 

475 consumption of the non-PVSS building. Qe is the annual PVSS electricity generation. 

476 Qcap is the installed PVSS capacity. 

477 Compared with the PVSS, a normal rooftop PV system has advantages in electricity 

478 generation, but it has a limited effect on reducing the building energy consumption. 

479 To compare the economic performance between a PVSS and a normal rooftop PV 

480 system, the optimum tilt angles for maximizing the electricity generation (Qe) of a 

481 rooftop PV system were simulated in EnergyPlus and the electricity generation of a 

482 rooftop PV system with its optimum tilt angles (50° , 45° , 35° , 35° , 35° for Harbin, 

483 Beijing, Changsha, Kunming and Guangzhou, respectively) and the same optimum 

484 widths as PVSS were obtained from the calculated results. The benefit per capacity of 

485 a rooftop PV system (BCroof) was calculated by Eq. (16). 

486                     (16)𝐵𝐶𝑟𝑜𝑜𝑓 =
𝑄𝑒

𝑄𝑐𝑎𝑝

487 BCroof is the electricity benefit of per unit installed capacity of a rooftop PV system. 

488 Qe is the annual rooftop PV system electricity generation. Qcap is the installed rooftop 

489 PV system capacity. 

490 2.5.2 PVSS LCC analysis

491 The life cycle cost of a PV system consists of total fixed and operating costs over its 

492 life expressed in present value [44-48]. The major cost of a PV system includes 

493 acquisition cost, operating and maintenance costs [49]. In this study, the total 
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494 life-cycle cost of a PVSS is the sum of present worth (PW) of PV modules, inverter, 

495 installation, operation and maintenance cost, and financial cost [50-52]. The main 

496 assumptions for LCC boundary and parameter estimation are in Table 4. 
497

Table 4. Main assumptions for LCC analysis [53]

Classification Detailed description

Analysis period 25 years
Analysis method Present worth method

Real discount rate (i) 5%
PV system price 5.2RMB/W

Ki 20%
Km 2%
Kl 15%
il 7%
a 0.95RMB/kWh

498 In this paper, all past and future capital investments were summed to present value 

499 and LCC can be calculated by Eq. (17), 

500                            (17)LCC = 𝑃𝑙 +𝑃𝑖 +𝑃𝑚𝑜 + 𝑃𝑓

501 Pl is the initial investment cost for a PV system including PV modules and inverters. 

502 Pi is the installation cost. Pmo is the maintenance and operation cost. Pf is the financial 

503 cost. 

504 Installation costs (Pi), annual maintenance and operation costs (Pamo) are each 

505 estimated in accordance with a certain proportion of the total initial investment cost. It 

506 can be calculated by Eq. (18) and (19),

507                                    (18)𝑃𝑖 = 𝑃𝑙 × 𝐾𝑖

508                                   (19)P𝑎𝑚𝑜 = 𝑃𝑙 × 𝐾𝑚𝑜

509 The annual financial expense (Paf) is related to the loan amount and lending rate, as 
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510 shown in Eq. (20),

511                                 (20)P𝑎𝑓 = 𝑃𝑙 × 𝐾𝑙 × 𝑖𝑙

512 Total maintenance, operation costs (Pmo) and financial expenses (Pf) during n year 

513 period are defined as Eq. (21) and (22),

514                                   (21)𝑃𝑚𝑜 = 𝑃𝑎𝑚𝑜
[(1 + 𝑖)𝑛 ― 1]

𝑖(1 + 𝑖)𝑛

515                                   (22)𝑃𝑓 = 𝑃𝑎𝑓
[(1 + 𝑖)𝑛 ― 1]

𝑖(1 + 𝑖)𝑛

516 The total LCC is annualized by using a capital recovery factor (CRF) taken from 

517 Raman and Tiwari [54]. It can be calculated by Eq. (23),

518                                (23) CRF = 𝑖[
(1 + 𝑖)𝑛

(1 + 𝑖)𝑛 ― 1]

519 The annualized total cost (Ca) is a measure to represent the amount of capital required 

520 per year to use the system. It is defined as Eq. (24),

521                               (24) 𝐶𝑎 = 𝐶𝑅𝐹 × 𝐿𝐶𝐶

522 PVSS CB can be calculated from dividing the annualized total cost by the 

523 comprehensive electricity benefit per year, as shown in Eq. (25),

524                                   (25)     CB =
𝐶𝑎

𝑄𝑐𝑒𝑏

525 As for above LCC calculation method, the cost accuracy relies on the quality of data 

526 and the data uncertainty is a well-recognized issue [55-57], especially for results that 

527 heavily relied on the future tendency of economic data. There are some uncertainties 

528 resulting from assumptions during the LCC analysis. For example, the assumption of 

529 constant discount rate ignores the possibility of variations over the life cycle of the PV 

530 system. In fact, the discount rate might change as the changes of national monetary 

531 and fiscal policies. Another assumption is the energy price, which also leads to 



ACCEPTED MANUSCRIPT

532 uncertainty. Besides, the estimation of PV module price and the maintenance cost also 

533 result in uncertainties. The last uncertainty for LCC forecasting is to determine the 

534 system service life [58]. Even though there are numerous handbooks, manuals and 

535 guidelines published on life-cycle cost analysis and LCC software applications are 

536 becoming more and more prevalent as time progresses, the comprehensive LCC 

537 uncertainty analysis is still a severe issue. Uncertainty analysis as well as some tough 

538 problems, such as political relevance, ethical concerns, attitude towards risk, etc., still 

539 need to be explored in further study.

540 3 Results and discussions

541 This section analyzes PVSS comprehensive energy and economic performances. First, 

542 the annual NECs of PVSS with different widths and tilt angles were compared to 

543 obtain the optimum tilt angles for the various cities. Monthly NEC of PVSS with 

544 1.156m width and its optimum tilt angle was also analyzed to explore the PVSS 

545 seasonal effect on buildings’ energy performance. A sensitivity analysis was 

546 conducted on tilt angle and width to investigate the dominant factor influencing the 

547 NEC. Then, the BCs of PVSS with optimum tilt angles at each width were analyzed 

548 to determine the optimum widths. Finally, the CBs of PVSS with optimum tilt angles 

549 and widths in various climatic regions were compared with public buildings’ retail 

550 electricity prices to determine whether PVSS is economically feasible to be applied in 

551 a certain climatic region.
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552 3.1 Comprehensive PVSS energy performance

553 Different locations have different shading effects. The five cities were grouped into 

554 two region types. Group One is Harbin and Beijing. Group Two is Changsha, 

555 Kunming, and Guangzhou. There is no shading effect from the upper PVSS row on its 

556 subjacent row in Group One. In Group Two, upper PVSS row shading effect is 

557 inevitable. The comprehensive energy performances for the five climatic cities were 

558 studied using a two-story office building model in EnergyPlus.

559 3.1.1 Group one: shading effect free cities

560 Figures 10 and 11 illustrate PVSS AEGunit (annual electricity generation per unit area) 

561 and NEC at various tilt angles and widths in Harbin and Beijing, respectively. For all 

562 widths, AEGunit initially increases and then decreases as the tilt angle increases. The 

563 maximum AEGunit generated by a PVSS in Harbin is 267.23kWh/m2 with a 50° tilt 

564 angle and 1.156m width, which is more than twice the minimum AEGunit generated by 

565 a PVSS with a 0° tilt angle and 0.664m width. The maximum AEGunit generated by a 

566 PVSS in Beijing is 266.83kWh/m2 with a 45° tilt angle and 1.156m width, which is 

567 also more than twice the minimum AEGunit generated by a PVSS with a 0° tilt angle 

568 and 0.664m width. In contrast, NEC initially decreases and then increases as tilt angle 

569 increases. The optimum tilt angles are 45°, 50°, 50° and 55° respectively corresponding 

570 to the width increasing from 0.664 m to 1.156 m in Harbin and the corresponding data 

571 are 40°, 45°, 45°, and 50° respectively in Beijing. As PVSS width increases, tilt angle 

572 needs to increase to let in more daylight, in order to reduce artificial lighting 

573 electricity consumption. Therefore, the optimum tilt angle will increase as width 
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574 increases. The minimum PVSS NEC in Harbin was 3098.7kWh corresponding to a 

575 55° tilt angle and 1.156m width. This is slightly more than a half of the maximum 

576 NEC generated by a PVSS with a 0° tilt angle and 0.664m width. In Beijing, the 

577 minimum NEC of a PVSS is 756.24kWh corresponding to a 50° tilt angle and 1.156m 

578 width, which is significantly less than the maximum NEC of a PVSS with a 90° tilt 

579 angle and 0.664m width. 
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581 Figure 10. PVSS AEGunit and NEC at various widths in Harbin
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583 Figure 11. PVSS AEGunit and NEC at various widths in Beijing
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584 3.1.2 Group two: cities with shading effects

585 Figures 12-14 illustrate PVSS AEGunit and NEC at various widths and tilt angles in 

586 Changsha, Kunming, and Guangzhou, respectively. For each width, the AEGunit 

587 initially increases and then decreases as tilt angle increases. The maximum PVSS 

588 AEGunit in Changsha is 187.72kWh/m2 with a 40° tilt angle and 1.156m width, which 

589 is three times the minimum AEGunit of a PVSS with a 90° tilt angle and 0.664m width. 

590 The maximum AEGunit of a PVSS in Kunming is 238.42 kWh/m2 with a 40° tilt angle 

591 and 1.156m width, which is nearly three times as much as the minimum PVSS 

592 AEGunit with a 90° tilt angle and 0.664m width. The maximum PVSS AEGunit in 

593 Guangzhou is 199.70kWh/m2 with a 40° tilt angle and 1.156m width, which is also 

594 nearly three times as much as the minimum PVSS AEGunit with a 90° tilt angle and 

595 0.664m width. It is also seen that the optimum tilt angles for maximizing the AEGunit 

596 of PVSS are larger than that of a rooftop PV system. This is because a larger PVSS 

597 tilt angle will contribute to a smaller shading effect, such that increasing its electricity 

598 generation. On the contrary, the NEC initially decreases and then increases as tilt 

599 angle increases. PVSS optimum tilt angles in Changsha are 35°, 40°, 40°, and 40° 

600 respectively corresponding to width increasing from 0.664 m to 1.156 m. The 

601 corresponding data for Kunming is 35°, 35°, 35°, and 40°, respectively. For Guangzhou 

602 they are 25°, 30°, 30°, and 30°, respectively. Furthermore, the minimum NEC 

603 generated by a PVSS in Changsha is 5772.86kWh, which is only half of the maximum 

604 NEC of the PVSS with a 90° tilt angle and 0.664m width. The minimum NEC 

605 generated by a PVSS in Kunming is -1324.48kWh (the heating and cooling electricity 
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606 consumption is 6154.01kWh, the lighting electricity consumption is 700.61kWh and 

607 the electricity generation of PVSS is 8179.10kWh). This is far less than the maximum 

608 NEC generated by the PVSS with a 90° tilt angle and 0.664m width. The minimum 

609 NEC of the PVSS in Guangzhou is 9420.49kWh, which accounts for about 40% of 

610 the maximum NEC of the PVSS with a 90° tilt angle and 0.664m width. 

611 As has been mentioned, NEC is determined by heating energy consumption in winter, 

612 cooling energy consumption in summer, lighting electricity consumption and PVSS 

613 electricity generation of the whole year. In this paper, to obtain the optimum fixed 

614 annual tilt angle for each width, we investigated the PVSS annual energy 

615 performance. Nevertheless, monthly NEC analysis could reflect the PVSS seasonal 

616 energy performance. Figure 15 shows the monthly electricity consumption and NEC 

617 for the PVSS with 1.156m width and the optimum tilt angle (40°) in Changsha. The 

618 minimum electricity generation occurs in winter while the maximum one occurs in 

619 summer. However, the NECs in spring and autumn are greater than that in summer 

620 and winter. This is mainly because the cooling energy consumption in summer and 

621 the heating energy consumption in winter accounts for a large percentage of the total 

622 energy consumption in Changsha. The NECs are negative in Mar., Apr., Oct. and 

623 Nov., which indicates that the PVSS electricity generation could meet the building 

624 electricity demand during this period. 
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626 Figure 12. PVSS AEGunit and NEC at various widths in Changsha
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628 Figure 13. PVSS AEGunit and NEC at various widths in Kunming



ACCEPTED MANUSCRIPT

629

0 10 20 30 40 50 60 70 80 90
60

80

100

120

140

160

180

200

El
ec

tri
ci

ty
 g

en
er

at
io

n/
 (k

W
h/

m
2 )

Tilt angle/ °

 0.664m EG/  0.828m EG/  0.992m EG/  1.156m EG
 0.664m NEG/  0.828m NEG/  0.992m NEG/  1.156mNEG

9000

10000

11000

12000

13000

14000

15000

16000

17000

18000

N
et

 e
le

ct
ric

ity
 c

on
su

m
pt

io
n/

 k
W

h

630 Figure 14. PVSS AEGunit and NEC at various widths in Guangzhou
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632 Figure 15. PVSS monthly electricity generation and NEC at 40° tilt angle and 

633 1.156m width in Changsha

634 3.1.3 NEC sensitivity analysis

635 Building NEC is mainly affected by PVSS tilt angle and width in this study. Thus, a 

636 sensitivity analysis was conducted for these two factors. The PVSS tilt angle varies 

637 from 0° to 90° with an interval of 5° while the total width varies from 4 to 7 times of 



ACCEPTED MANUSCRIPT

638 the width (0.664m) of a single solar cell’s width. Figure 10 through 14 show that the 

639 PVSS width has a greater impact on the building NEC than the tilt angle. In other 

640 word, the building NEC is more sensitive to the PVSS width. Taking Harbin as an 

641 example, the building NEC has an average variation of 245.76kWh whenever the tilt 

642 angle changes 5° while it has an average variation of 1750kWh as the width changes 

643 per 0.164 m. Thus, it is necessary to optimize the PVSS width for improving 

644 buildings’ energy performance.

645 3.2 PVSS economic performance 

646 The PVSS width, on the one hand, has a sensitive impact on buildings' energy 

647 performance. On the other hand, determines its economic performances to some 

648 extent. Therefore, it is necessary to analyze PVSS BC, which was used to obtain the 

649 optimum widths. BC results appear in Table 5. When PVSS widths are all 1.156m in 

650 the five climatic regions, BC reaches its maximum values. The corresponding values 

651 for five cities (Harbin, Beijing, Changsha, Kunming, and Guangzhou) are 1.72, 1.87, 

652 1.35, 1.79 and 1.74kWh/W, respectively. Therefore, the optimum widths of PVSS in 

653 the five climatic regions are all 1.156m while the corresponding optimum tilt angles 

654 are 55°, 50°, 40°, 40°, and 30°. Besides, the maximum BC occurs in Beijing while the 

655 minimum one belongs to Changsha. This is because the solar radiation in Beijing is 

656 strong and the power generation is relatively higher; A larger optimum tilt angle also 

657 contribute to the electricity generation growth; And the larger optimum tilt angle has a 

658 less impact on reducing the indoor illuminance, which will contribute to reducing the 

659 lighting electricity consumption; Even though the existence of PVSS will significantly 
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660 increase the heating electricity consumption in winter, it can reduce the cooling 

661 electricity consumption in a large proportion in summer. This is the opposite effect in 

662 Changsha. Solar radiation in Changsha is relatively weak and the power generation is 

663 relatively lower; The smaller optimum tilt angle also has a negative impact on 

664 electricity generation; And the smaller optimum tilt angle has a dramatic impact on 

665 reducing the indoor illuminance, which will result in increasing the lighting electricity 

666 consumption; The PVSS existence has almost the same effect on the cooling 

667 electricity consumption reduction in summer and heating electricity consumption 

668 increase in winter. From Table 6, the BCs of rooftop PV systems in the five cities 

669 (Harbin, Beijing, Changsha, Kunming, and Guangzhou) were calculated as 1.28, 1.47, 

670 0.97, 1.23, and 1.05kWh/W, respectively, Thus, compared with rooftop PV systems, 

671 PVSS have the better economic performances.

672 Table 5. PVSS CEB and BC at different widths and optimum tilt angles.

City
PVSS width 

(m)
Optimum

tilt angle (°)
CEB 

(kWh)
PVSS BC 
(kWh/W)

0.664 45 4139.86 1.33
0.828 50 5499.78 1.41
0.992 50 7201.14 1.54

Harbin

1.156 55 9378.81 1.72
0.664 40 4793.01 1.54
0.828 45 6194.98 1.59
0.992 45 8026.51 1.71

Beijing

1.156 50 10228.67 1.87
0.664 35 3041.82 0.97
0.828 40 4112.24 1.05
0.992 40 5551.46 1.19

Changsha

1.156 40 7359.7 1.35
0.664 35 4594.98 1.47
0.828 35 5947.31 1.52
0.992 35 7673.01 1.64

Kunming

1.156 40 9787.41 1.79
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0.664 25 4259.85 1.36
0.828 30 5612.32 1.44
0.992 30 7363.03 1.57

Guangzhou

1.156 30 9496.5 1.74

673 Table 6. BC of rooftop PV systems in different cities 

City Harbin Beijing Changsha Kunming Guangzhou
BC of rooftop PV systems 1.28 1.47 0.97 1.23 1.05

674 Table 7 provides detailed PVSS economic performances at optimum tilt angles and 

675 optimum widths for five cities. PVSS CBs in all five cities is less than 0.95 

676 RMB/kWh (the retail electricity price for Chinese public buildings), which indicates 

677 that the PVSS would have better economic performances in all cities. This is 

678 particularly true for Beijing and Kunming, where the CB is 0.452 and 0.472 

679 RMB/kWh and is far below the retail electricity price for local public buildings. 

680 Therefore, PVSS is applicable in these five climatic cities.

681 Table 7. PVSS CB at optimum tilt angles and optimum widths

City
Optimum 

width/m

Optimum tilt 

angle/°

CEB/ 

kWh

Total cost of 

PV system/

RMB

Cost of 

installation/

RMB

Total financial 

expense/RMB

Total cost of 

maintenance and 

operating /RMB

CB/

(RMB/k

Wh)

Harbin 1.156 55 9378.81 28402.92 5680.58 2707.05 5156.29 0.493

Beijing 1.156 50 10228.67 28402.92 5680.58 2707.05 5156.29 0.452

Changsha 1.156 40 7359.7 28402.92 5680.58 2707.05 5156.29 0.628

Kunming 1.156 40 9787.41 28402.92 5680.58 2707.05 5156.29 0.472

Guangzhou 1.156 30 9496.5 28402.92 5680.58 2707.05 5156.29 0.487

682 4 Conclusions

683 This study investigated the comprehensive energy and economic performances of 

684 PVSS installed in multi-story buildings in different climatic regions. Due to upper 

685 PVSS row shading effects, the electricity generation efficiency of the subjacent PVSS 

686 row is significantly reduced. This has a significant impact on its comprehensive 
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687 energy and economic performances for some regions. This paper uses a special PV 

688 module configuration which considers this shading effect. NEC, BC, and CB 

689 indicators were also employed to evaluate PVSS comprehensive energy and economic 

690 performances.

691  The numerical shading model put forward in this paper accurately analyzes the 

692 shading effect from an upper PVSS row on its subjacent row and was used to 

693 investigate the detailed shading effect in various climatic regions.

694  As for cities with similar latitudes to Harbin and Beijing, there is no shading 

695 effect from the upper PVSS row on its subjacent row. Considering the PVSS 

696 comprehensive energy and economic performances, the optimum tilt angles for 

697 Harbin and Beijing are 55°and 50°, respectively, while the optimum widths, in 

698 both cities, are all 1.156m.

699  In terms of cities with similar latitudes to Changsha, Kunming, and Guangzhou, 

700 shading effect gets worse as latitude lowers. As tilt angle decreases, shading 

701 effect increases, which leads to variations in optimum tilt angles. In Changsha, 

702 Kunming, and Guangzhou, the optimum tilts are 40°, 40°, and 30°, respectively, 

703 with the optimum widths, for all, being 1.156m. 

704  PVSS with optimum widths and tilt angles in Harbin, Beijing, Changsha, 

705 Kunming and Guangzhou all show excellent comprehensive energy and 

706 economic performances compared with the rooftop PV systems and traditional 

707 electricity supply modes. PVSS is indicated as applicable for installation in 

708 multi-story buildings in these five climatic regions. 
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709 In this study, the comprehensive energy and economic performances of PVSS were 

710 comprehensively analyzed taking the shading effect into account. This would be 

711 valuable and helpful for building energy engineers and decision-makers to determine 

712 the design parameters of PVSS in different locations, and therefore promote the 

713 building energy efficiency. As for the numerical shading model, nearby shading 

714 objects were not considered. More precise numerical shading models considering 

715 nearby shading objects still need to be improved as it can better reflect the shading 

716 effect with considering the surrounding conditions. Finally, a more comprehensive 

717 sensitivity analysis and LCC analysis needs to be further conducted to provide a better 

718 understanding of the energy and economic performance of applying PVSS system.
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