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10 Abstract 

11 Solar photovoltaic devices are a clean/sustainable energy resource used to generate electricity 

12 in the current era. Overall, the energy yielded from these devices is used to supply the electrical 

13 loads in order to meet energy needs. Any building can store electricity produced by renewable 

14 energy technology supplies through energy storage using a battery system. This study aims to 

15 determine the system’s optimal performance characteristics within solar photovoltaic (PV) 

16 systems, including coupling the solar system/inverter and controller/battery storage (BS). This 

17 study builds a model using solar simulation in the ‘system advisor model’ programme, utilising 

18 a photovoltaic system with the integration of battery storage, which can improve energy 

19 efficiency. High-efficiency battery storage is needed for optimum performance and high 

20 reliability. To do so, an integrated model was created, including solar photovoltaics systems 

21 and battery storage. Energy storage (ES) is a challenge that must be carefully considered when 

22 investigating all energy system technologies. The results indicated that the overall system has 

23 an annual energy yield of approximately 1,353 kWh/kW and a performance ratio of 0,85. The 

24 high energy yield occurred during the summer, owing to more sunshine hours and the high 

25 magnitude of solar intensity. The ultimate finding proposes an optimisation framework to 

26 estimate/delineate the energy of generation/storage arrangement based on the power potential. 

 

27 Keywords: Solar PV system; Battery storage; Performance behaviour; Inverter/controller; 

28 Integrated system. 
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BS Batteries Storage P Power (W) 

Bcurrent Battery current (A) Pin Power input supplied (W) 

Bvoltage Battery voltage (V) Pout Power output delivered (W) 

Brating Battery rating PV Photovoltaic 

BIPV Building Integrated Photovoltaic Pbattery Power of the battery 

DNI Direct Normal Irradiance PVPout Photovoltaic Power output 

DoD Depth of Discharge Pdesired Power desired 

DC Direct Current Q Quantity of electricity the battery delivers, 

ES Energy Storage Qo Initial Battery Charge 

ECapacity Energy capacity Qmax Battery’s maximum charge 

EInput Energy input PR Performance Ratio 

EOutput Energy output STC Standard Test Conditions 

Eradiation average yearly solar radiation SAM System Advisor Model 

Eproduction Energy production SoC State of Charge 

F Faraday constant T Temperature oC 

G Global solar intensity TCell Cell temperature oC 

GHI Global Horizontal Irradiance Tamb Ambient Temperature oC 

GPS Global Position System TMY Typical Metrological Year 

I Current (A) V Voltage (V) 

Io dark current density (A) VDC Voltage Direct Current 

IL Light generated current (A) Ymodule Yield module power 

INVcontrol Inverter control Greek letters 

Li-ion Lithium-ion n diode ideality factor (–) 

LAB Lead-Acid Battery k Boltzmann constant (eV/K) 

CL Cyclic life q Electron charge (c) 

MPP Maximum Power Point ɳbattery Battery efficiency 

MPPT Maximum PowerPoint Tricker ɳinvertor Inverter efficiency 

N Number of moles of materials ɳsystem System efficiency 

NOCT Nominal Operating Cell Temperature. ɳmodule Module efficiency 
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30 1. Introduction 

31 Currently, conventional fossil fuels such as oil, coal, and gas are used extensively as a primary 

32 energy source. Fossil fuels contribute approximately 66% of global carbon dioxide emissions 

33 and greenhouse gases [1]. There has been an acceleration in the demand for environmentally 

34 friendly energy, which has ultimately resulted in a substantial decrease in energy costs globally 

35 [2, 3]. According to the Paris Climate Agreement, it is necessary for future generations and the 

36 present to achieve a much more stable and secure environment. Leaders of 197 countries have 

37 agreed to work/cooperate on decreasing greenhouse gas emissions and increasing resilience to 

38 the consequences of global warming [4, 5]. 

39 Renewable energy technology has become the most demanded energy resource due to its 

40 sustainability and environmentally friendly energy [6, 7]. In addition, renewable technologies 

41 are developed, which are cost-effective and attractive supply for electricity generation [8, 9]. 

42 Among the many renewable energy resources is solar energy application technology came in 

43 the forefront, which has a vast deployment and installation worldwide [10]. Therefore, it is 

44 essential to depend more on the systems of solar energy technology, which is abundant, 

45 sustainable and renewable, due to the significant energy needs of the world [1, 11]. Since 

46 progress has increased significantly in the past few decades, solar photovoltaic technology has 

47 become possible in meeting all of the world’s energy needs [12-14]. 

48 Energy storage captures energy produced in a given period for usage at another time; hence, it 

49 reduces fluctuations between energy production and energy demand [15]. Energy shortages 

50 mostly occur due to fluctuations in weather conditions, which greatly influence the amount of 

51 energy produced. Although they result in financial losses, excess and shortage cases are 

52 interpreted as losses [16]. Energy storage systems are frequently presented as a practical 

53 economic solution to reduce losses and prevent the limitation of the generated electricity if it 

54 is not required. It can simultaneously increase the building’s resilience while reducing energy 

55 losses [16, 17]. 

56 Batteries are key for photovoltaic systems that provide a steady and dependable power source 

57 and are used as an energy supply during night or cloudy days [18-20]. Battery lifespan, 

58 attainable power, maintenance requirements and efficiency are essential battery characteristics 

59 that influence the operation and performance of a solar system [15, 21]. An optimum battery 

60 has affordable prices, great effectiveness, a high density of energy, and the capacity to be 

61 discharged and charged indefinitely under arbitrary charging and discharge cycles [21]. 
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62 In the literature, many papers have attempted to study various perspectives of solar PV with 

63 battery systems. Li et al.[22] performed and explained the most effective solar photovoltaic 

64 (PV) system designs for energy storage systems incorporating batteries. Overall, by presenting 

65 and employing an algorithm of dynamic programming, this comprises a lengthy time horizon 

66 involving the battery-assisted photovoltaic systems’ entire life cycles. Research conducted by 

67 Chadly et al.[23] simulated techno-economic energy storage systems utilising Li-ion batteries 

68 solid oxide fuel cells. The findings demonstrate that factors such as round-trip efficiency, 

69 installation factors and capital outlay, particularly capital expenses, can significantly impact 

70 the expense of energy storage systems. Elazab et al.[24] investigated a smart home energy 

71 management model based on the most prevalent residential tariff used in developing countries. 

72 The assessment included load shifting, air conditioning and vehicle-to-home decrease. Mudgal 

73 et al.[25] proposed a hybrid wind, bio-battery and photovoltaic systems model and 

74 incorporation with phase change material. The consequence of that model is photovoltaic 

75 module performance effectiveness rises, which reduces overall system cost. Iqbal and Dabas 

76 [26] performed a dynamic model of a photovoltaic battery system in MATLAB/Simulink. In 

77 contrast to the diesel generator, with a PV-battery system option, an isolated photovoltaic- 

78 battery system is a more cost-effective way to supply residential loads. 

79 A study induced by Mirletz and Guittet [27] focused on photovoltaic and load profile estimates 

80 with an emerging algorithm that signified price signals dispatch and automated the economic 

81 dispatch of PV-battery systems. The system advisor model (SAM) tool evaluates and integrates 

82 this method. Since a balance between demand cost management and signals dispatch is 

83 required, signals dispatch outperforms the SAM’s algorithms. Wang et al.[28] compared 

84 energy management strategies of on-grid solar PV-battery systems for buildings and outlined 

85 the findings that building and photovoltaic-battery energy storage systems indicate that the 

86 technique is viable. Borkowski et al.[29] proposed a photovoltaic energy management strategy 

87 and a combination of a further control mode to enhance the system’s profitability. The 

88 modification enables the creation of an estimation of performance degradation that depends on 

89 the battery’s end of life. The cost profile indicated an increased energy storage profit rate in the 

90 connected photovoltaic management mode. Behmann et al. [30] studied various designs for 

91 integrating the battery into the micro-photovoltaic system. Thus, battery and 

92 photovoltaic modules have a parallel electrical link in a passive hybrid structure. The deduction 

93 from the experimental results shows that both active and passive coupled architectures are 

94 feasible. Hammami et al.[31] propose an analysis of a system incorporating solar modules with 

https://scholar.google.co.uk/citations?user=QFcNB7gAAAAJ&hl=en&oi=sra
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95 batteries to store electric energy by developing models to assess the temperature rise of the 

96 solar module and batteries under different conditions. It explains the increasing cell battery 

97 temperature and the impact of reduced thermal exchanges on the back of the PV module. 

98 Nkuriyingoma et al.[32] conducted a techno-economic study on a grid-connected solar PV 

99 system with a battery energy storage system (BESS) at a small house in Rwanda. PV*SOL 

100 software tool was used to simulate and assess the feasibility of integrating BESS. The study 

101 was technically and economically viable for addressing the issue of electrical power outages in 

102 developing countries. 

103 Therefore, based on the literature studies in references [22-32], most of these research efforts 

104 have focused on the systems of PV-battery performance. Thus, they have generally neglected 

105 systems working in harsh surrounding conditions and which don’t adopt tangible integration 

106 scope with energy management. This research covers the system exertion when integrating a 

107 solar photovoltaics system with battery storage to operate in harsh environments, such as the 

108 desert. Thus, it is important to understand performance behaviour to implement better and 

109 exploit natural resources. The significance of this work can contribute insights for assessing 

110 substantial performance components of solar PV systems for developing research and 

111 innovation. This work aims to ensure the optimal performance of solar photovoltaic systems, 

112 encompassing coupling solar system/inverter and controller/battery storage. The remainder of 

113 this paper is organised as follows: Summarised in the general introduction in Section 1. The 

114 proposed method and the mathematical modelling are described in Section 2. The results and 

115 discussions included the solar PV, battery, and inverter in Section 3. The presentation of the 

116 integration of the energy system in Section 4. The key outcomes and conclusions of this study 

117 are summarised in Section 5 and include an overview of the plan for the next research. 

 

118 2. Methods 

119 This section highlights the approach based on the integrated system model followed by a 

120 mathematical model. This study uses a modelling approach to predict the performance of solar 

121 PV integrated with battery storage. The engineering software so-called ‘system advisor model’ 

122 established by (NREL), is used to build the model. Additionally, the mathematical model is 

123 applied; thus, the mathematical model is based on a set of mathematical equations. 

124 2.1. Integrated Model 

125 In this study, we proposed a model containing a solar photovoltaic array connected to a building 

126 to supply electricity. This system uses solar PV devices during diurnal hours and an integrated 

https://www.frontiersin.org/people/u/1796247
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127 high-efficiency battery system in the evening or during cloud cover fluctuations. The energy 

128 produced from PV arrays flows to the inverter and is then supplied to the load. The 

129 inverter/controller charges the batteries’ bank during the daytime, although during the 

130 batteries’ use, the power outflow to the inverter subsequently supplies the load. Fig.1 illustrates 

131 a schematic of the solar photovoltaic and battery storage integration system. 

132 The model is designed to provide electricity to power buildings under environmental conditions 

133 in Sabha city, located in the southwest region of Libya. According to the global position system 

134 (GPS), the study district is located southwest of its coordinates, with a longitude of 14,4o E, 

135 latitude of 27,03o N and altitude of 429m. The weather data file of the typical metrological year 

136 (TMY) of the solar resource library uses a programme called the system advisor model (SAM), 

137 a software package developed by the International Renewable Energy Laboratory (NREL) in 

138 the USA. A comprehensive model was built into the SAM to understand the operating 

139 performance of the integrated system. The tools used in this study are characterised by their 

140 powerful capabilities, accessibility, and accurate software. 

141 The load energy profile is considered in this study. The energy management system will 

142 provide more energy in the case of high energy needs, depending on the demand. Therefore, 

143 the battery storage system will provide energy to load and work as a pick-up to compensate for 

144 the energy demand. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
145 

 
146 Fig.1 Schematic flow of integration system of solar photovoltaic and battery storage. 

 

147 2.2. Mathematical modelling 

148 2.2.1. Solar PV 
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149 A simple photovoltaic system model considers all the parameters of the efficiency of 

150 photovoltaic power generation. Additional models are based on single- and double-diode 

151 modelling key performance parameters. Under standard test conditions (STC) parameters, the 

152 solar PV module can potentially be employed to create an exemplary photovoltaic framework. 

153 In addition, the maximum power point (MPP) approach is often ascertained to yield the best 

154 photovoltaic power output. The following equations (1-4) can be used to determine the 

155 efficiency of the solar PV module. 

156 𝐼 = 𝐼𝐿 − 𝐼0[ 𝑒𝑥𝑝 ( 𝑞𝑉 ) (1) 

 

157 

 

𝑉 = 
𝑛𝑘𝑇 

𝑞 

 
𝐼 

𝐿𝑛 ( 
𝐼0 

𝑛𝑘𝑇 

 

+ 1) 
 
(2) 

158 𝑃 = 𝑉. 𝐼 (3) 
𝑉. 𝐼 

159 𝜂𝑚𝑜𝑑𝑢𝑙𝑒 = 
 

 

𝐺. 𝐴𝑚𝑜𝑑𝑢𝑙𝑒 
(4) 

160 where (P) is the output power, (I) is the produced current, (V) is the produced voltage, (Amodule) 

161 is the area of the PV module, and (G) is the global solar intensity. The performance of solar 

162 photovoltaic technology is significantly influenced by the distribution and intensity of solar 

163 radiation. 

164 2.2.2. The Battery 

165 Mainly storing electrical charge, a battery’s key function is to store electrical energy, making 

166 energy storage an essential component. Factors such as battery efficiency, internal resistance, 

167 or discharge characteristics can affect a battery’s power output. Battery power can be quantified 

168 using the following formula. 

169 𝑃𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = 𝐵𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑥 𝐵𝑣𝑜𝑙𝑡𝑎𝑔𝑒 (5) 
 

170 where (Bcurrent) is the battery current and (Bvoltage) is the battery voltage. Equation (6-7) [33] is 

171 a simple equation that can be utilised to determine the energy capacity of battery storage. 

172 𝐸𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 𝐵𝑟𝑎𝑡𝑖𝑛𝑔 (𝐴ℎ) 𝑥 𝐵𝑉𝑜𝑙𝑡𝑎𝑔𝑒 (6) 

173 where (Brating) is the battery capacity rating (Ah), which represents the quantity of current that 

174 a battery can produce over a period of time in normal situations. The battery storage capacity 

175 rating is given by: 
 

176 𝐵𝑟𝑎𝑡𝑖𝑛𝑔 = 𝑁 𝑥 𝐹 𝑥 1ℎ⁄3600 𝑠𝑒𝑐 (7) 

𝐿 
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177 where (N) is the number of moles of materials and (F) is the Faraday constant. The overall 

178 battery efficiency encompasses both voltage and columbic efficiency. The battery efficiency 

179 can be quantified by using equation (8). 

180 𝜂𝐵𝑎𝑡𝑡𝑒𝑟𝑦 
= 

𝐸𝑜𝑢𝑡𝑝𝑢𝑡 𝑥 100 (8) 
𝐸𝑖𝑛𝑝𝑢𝑡 

181 where (Eoutput) is the energy delivered from the battery, and (Einput) represents the energy 

182 supplied to the battery. 

183 2.2.3. Inverter 

184 Maximum power point tracking (MPPT) optimises the operation of solar PV module arrays 

185 under varying environmental conditions. The key operating characteristics of MPPT include 

186 efficiency, response and stability, which all affect the system characteristics. The MPPT 

187 algorithm, control approach, configuration of the converter from DC to AC type, battery, 

188 photovoltaic array size, and energy management system. Equation (9) is an equation that can 

189 be utilised to determine the inverter efficiency. 

190 𝜂𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟 
= 

𝑃𝑜𝑢𝑡𝑝𝑢𝑡 𝑥 100 (9) 
𝑃𝑖𝑛𝑝𝑢𝑡 

191 where (Poutput) is the power output delivered by the inverter to the load, and (Pinput) is the input 

192 power supplied to the inverter. 

 

193 3. Results and Discussion 

194 3.1. Solar PV System 

195 The performance of a photovoltaic system is often influenced by incidence irradiance in the 

196 plane of the solar panels, incident light spectrum and solar cell temperature. Consequently, 

197 system performance alters according to the time of day, solar insolation, direction and tilt of 

198 the modules, cloud cover, soiling, shading, temperature, state of charge, day of the year and 

199 location. 

200 The physical characteristics of PV devices are made from traditional solar mono-Si material. 

201 The number of cells is 96; all are linked together to represent one module, and a module has an 

202 area of approximately 1,631 m2. The electrical configuration of the system is fixed, the 

203 installation tilt angle is approximately 30o, and the azimuth angle is about 180o. 

204 Photovoltaic (PV) devices are described via the module (I-V) curve; since it is more involved 

205 with the overall voltage and current that the photovoltaic module produces. The graph 

206 represents the voltage and current under operating circumstances, as shown in Fig.2, this 

207 prototype’s typical photovoltaic module (I-V) curve at standard test conditions (STC). 
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208 

209 Fig.2. Typical solar photovoltaic module (I-V) curve at STC. 

 

210 The solar PV device technology used in this study has been specified based on the dataset of 

211 manufacture given by “Solar Power SPR-E310-COM”. Accordingly, the results of the main 

212 parameters of solar photovoltaic module operating characteristics are listed in Table 1. 

213 Table 1 Parameters of photovoltaic PV module operating characteristics. 
 

Parameter Nominal 

efficiency 

Maximum 

power 

Maximum 

voltage 

Maximum 

current 

Open 

circuit 
voltage 

Short circuit 

current 

Value 19% 310 WDc 54,7 VDc 5,7 ADc 64,4 VDc 6 ADc 

214 
 
 
 
 

 
Cell temperature 

(steady state oC ) 

 

215 

216 Fig.3. Estimation of solar photovoltaic cell temperature at a steady state. 
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217 Solar cell/module is semiconductor devices which sensitive to temperature a rise. The 

218 temperature is a key parameter to consider when designing/installing any solar PV module 

219 system. The increase in the operating temperature results in an undesirable decrease in 

220 operating parameters for the open circuit’s voltage, fill factor, output power, and efficiency. 

221 Conversely, the increase of short circuit current subsequently affects overall performance 

222 behaviour [34-36]. As shown in Fig.3, the steady-state cell temperature fluctuated over the 

223 year, but the high value was during the summer (from May-September), from 10 am to 4 pm. 

224 A solar PV cell is widely affected by the increase in temperature, which significantly affects 

225 performance behaviour. The heat-induced on the solar cell because some solar spectrum 

226 components don’t convert to electricity, and will convert to heat and cause an environmental 

227 temperature factor. Thus, cell efficiency and other performance parameters decrease as the 

228 temperature increases. The expression (10) gives the ratio between the nominal temperature 

229 and the temperature of the module: 
 

230 𝑇𝑐𝑒𝑙𝑙(𝑡) = 𝑇𝑎𝑚𝑏 + 
𝑁𝑂𝐶𝑇−20 

800 
. 𝐺 (10) 

 

231 where (Tamb) represents the ambient temperature, (G) is the solar irradiation, (Tcell) is the cell 

232 temperature and (NOCT) is the nominal operating cell temperature. 

 

233 The effectiveness of a solar energy system is subject to the environment, the equipment 

234 employed, and the system’s installation. The ratio of actual photovoltaic (PV) output to 

235 expected values can be used to quantify PV performance, which is necessary for the efficient 

236 maintenance and operation of photovoltaic solar facilities. The global sunlight irradiance in the 

237 plane of the solar PV arrays, which comprises both direct and diffuse radiation, is the main 

238 energy source [37]. 

239 The solar spectrum is utilised to comprehend the Sun’s composition, temperature, and other 

240 characteristics. Also, solar spectrum analysis is used to optimise the efficiency and design of 

241 solar cells in order to maximise energy capture. It describes how electromagnetic radiation 

242 from the Sun is dispersed throughout a broad spectrum of wavelengths. In general, a wide range 

243 of wavelengths are present in the solar spectrum, with visible light being the most well-known 

244 region. Fig.4 displays the solar spectrum prediction, which included air mass, direct, diffuse 

245 and (direct + diffuse) irradiance, where section (a) depicts the relationships of irradiance versus 

246 wavelength and section (b) irradiance versus energy. These estimated values were achieved 

247 using a solar spectrum program for that specific study area. 
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248 
249 (a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
250 
251 (b) 

252 Fig.4. Prediction of solar spectrum irradiance (a) irradiance versus wavelength (b) solar 

253 irradiance versus energy. 
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254 

255 

256 Fig.5 Potential of solar radiation in Sabha city (a) direct normal irradiance (DNI), section (b) 

257 global horizontal irradiance (GHI). 

258 

259 Solar PV modules’ efficiency and output power rely widely on many solar radiation intensities, 

260 so it is significant to determine the installation site. The potential for solar radiation varies 

261 depending on the seasons, so the summer season has a high recorded potential. Many methods 

262 and databases are available that utilise historical data on the weather, satellite metrics, and 

263 modelling techniques to predict the solar radiation potential of a specific site. The weather data 

264 file of the typical metrological year (TMY) in which depends on the National Solar Radiation 

265 Database (NSRDB). Fig.5 (a) shows the fluctuation of DNI irradiance over the year; hence, the 

266 area study is rich and has high potential solar radiation. Also, section (b) displays global 

267 horizontal irradiance GHI potential, which averages 600 W/m2. 

(a) 

(b) 
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268 

 
269 Fig.6. Yearly environmental metrological data, (a) the ambient temperature, and (b) wind 

270 speed. 

 

271 It is important to understand the effects of wind and ambient temperature on the performance 

272 of solar PV systems. So, that is significant for optimising solar PV, designing, operating, and 

273 installing, guaranteeing long-term reliability, and ensuring high solar PV efficiency. There was 

274 a variance in ambient temperature from one season to another; thus, the higher ambient 

275 temperature was recorded during the summer, sometimes hitting 40 oC. The wind speed also 

276 fluctuates, with the average wind being about 5 m/s. Fig.6. displays the annual environment 

277 metrological data of the current study area. The region’s topography is important in 

278 determining its potential for solar intensity, ambient temperature and wind. 

(a) 

(b) 
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Fig.7. Estimation of monthly energy production. 

281 

282 Fig.7. estimates monthly energy production and elucidates that standard solar systems produce 

283 more energy during that time due to a significant amount of (DNI) available in the summer 

284 because the daytime has more illumination periods. In-vividly, the energy production showed 

285 that the system produced more energy in the summer because so much DNI was available. The 

286 approximation of annual solar photovoltaic energy production (kWh) can be predicted based 

287 on equation (11). 

 

288 
8760 

𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = ∫𝑡1 
𝐴𝑚𝑜𝑑𝑢𝑙𝑒 𝑥 𝑃𝑅 𝑥 𝑌𝑚𝑜𝑑𝑢𝑙𝑒𝑥 𝐸𝑟𝑑𝑖𝑎𝑡𝑖𝑜𝑛𝑥 𝑑𝑡 (11) 

 

289 where (PR) is the annual performance ratio, (Amodule) is the area of the PV module (m2), 

290 (Ymodule) is the yield power of the module (%), and (Eradiation) is the average yearly solar 

291 radiation. The modelling results of the predictable energy yield over one year are presented. 

292 Table 2 lists the summaries of annual energy system metrics. 

 

293 Table 2. Summarises the overall energy system metrics. 
 

Annual energy 

(kWh) 

Annual energy 

yield (kWh/kW) 

Annual performance 

ratio 

Annual capacity factor 

(%) 
67,653,904 1,353 0,85 15,4 

294 
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295 The efficiency is the key operating parameter of any device that is utilised to determine the 

296 optimal performance. The overall system efficiency can be determined using Eq. (12), which 

297 sums up the three components of the battery, PV module arrays and inverter system efficiency. 

 

298 𝜂𝑠𝑦𝑠𝑡𝑒𝑚 = 𝜂𝑃𝑉,𝑚𝑜𝑑𝑢𝑙𝑒𝑠 + 𝜂𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟 + 𝜂𝐵𝑎𝑡𝑡𝑒𝑟𝑦 (12) 

299 

300 

301 3.2. Battery Storage 

302 The battery is a device that shifts energy stores in the chemical bonds of a material into 

303 electrical energy [21]. Battery storage systems are also usually utilised to store the energy 

304 generated from other sources. The battery’s efficiency is represented in the ratio of the total 

305 input to the total output of the storage system. 

 

306 The number of discharging and charging cycles a battery can withstand before its capacity 

307 declines to 80% of its nominal value is known as its “cycle lifetime”. The battery capacity is 

308 determined by the battery’s quantity of charge or stored energy [21]. 
 

 

309 

310 Fig.8. Cycle degradation of battery performance. 

311 

312 As shown in Fig.8, the cycle degradation of battery performance. The battery’s number of 

313 cycles depends on the depth of discharge. In-vividly shown in the cycle lifetime and capacity 

314 increase with the increase of DoD. The high percentage of DoD 100% will degrade and 

315 decrease the effective capacity to approximately half versus the number of cycles at five 

316 thousand cycles. The 10-40% low DoD percentage only decreases the capacity to about 80%. 
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317 The battery capacity decreases as the number of charge and discharge cycles increases, 

318 according to the cycle degradation concept. In addition to cycle degradation, the choice of 

319 calendar degradation governs how capacity decreases over time, regardless of cycling. 

 

320 Depth of discharge (DoD) estimates how much of the battery has been depleted in relation to 

321 its overall capacity. The quantity of charge/discharge cycles a battery undergoes during its 

322 useful life is called “cyclic life” (CL). The battery’s life can be increased by storing it in a cool 

323 environment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
324 

325 Fig.9. Battery age versus effective capacity. 

 

326 Battery cycle ageing depends on the temperature, which requires careful consideration when 

327 selecting or designing of any system. Fig.9. illustrates the estimated performance degradation 

328 over the year at a low temperature of 20 oC and SoC of 50%. The effective capacity decreases 

329 to approximately 85% at the end of the year. Also, at a temperature of 30 oC and SoC of 100%, 

330 the result’s effective capacity decreased to approximately 80%. In contrast, with a high 

331 temperature of 50 oC and SoC of 100%, effective capacity at the end of the year declined to 

332 about 10%. It is clearly shown that the overall battery effective capacity ratios are deceased 

333 when the percentages of SoC and associated temperature increase. 

334 The operating temperature can have a major impact on battery performance. The majority of 

335 batteries have an operating temperature variation where they perform at their peak 

336 performance. Hence, low or high temperatures can impair battery cycle life, capacity, and 
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337 performance. Batteries that can operate in various temperatures are more adaptable and 

338 dependable. 

339 The difference between a battery that has been fully charged and one currently in operation is 

340 known as the state of charge (SoC). The typical acceptable range of SoC is around 20% to 80%. 

341 It is related to how much electricity remains there in the cell. Equation (13) is expressed as the 

342 ratio of the remaining charge in the battery and divided via the maximum charge that the battery 

343 can deliver [38]. 

 

344 𝑆𝑜𝐶(%) = 
(𝑄0−𝑄) 

𝑥100 (13) 
𝑄𝑚𝑎𝑥 

 
345 where (Q0) represents the initial battery charge, (Q) is the quantity of electricity the battery 

346 delivers, and (Qmax) is the battery’s maximum charge. 

 

347 The performance of batteries includes not only technical characteristics but also their effect on 

348 the  environment.  The  development  of  battery  technology  that  is  sustainable  and 

349 environmentally friendly aims to minimise the use of harmful chemicals, lower carbon 

350 emissions during production, and boost appropriate recycling and disposal procedures. 

 

351 The recently popular and modern battery for energy storage is lithium-ion because of its high 

352 energy density, long life cycle, and few maintenance needs. This high-efficiency lithium-ion 

353 (Li-ion) battery is a prototype rechargeable that usages a reversible reduction of the Li-ion in 

354 order to allow energy storage. 

 

355 3.2.1. Battery Thermal Behaviour 

356 The battery thermal behaviour is the key factor to study for performance evaluation. 

357 Understanding the various heat characteristics of batteries is important for ensuring their 

358 reliable and effective operation. The batteries produce heat when charging and discharging as 

359 a consequence of internal resistance and cell losses. The heat generation is often higher when 

360 the battery functions under substantial loads or at excessive charge and discharge rates. 

361 Effective heat dissipation is essential for maintaining battery efficiency alongside avoiding 

362 overheating. Therefore, in order to reduce the risk of runaway thermal batteries, appropriate 

363 systems for thermal management are employed in battery designs, such as thermal insulation 

364 and cooling systems. 
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366 Fig. 10. Indued temperature versus effective capacity of the battery. 

 

367 The battery capacity is often better at higher temperatures than at lower temperatures. As shown 

368 in Fig.10, the batteries outperformed at high temperatures; hence, as battery temperature 

369 decreased, the consequence efficiency decreased. Therefore, that will result in a decrease in the 

370 lifespan of the battery. In contrast, lower temperatures will boost the lifespan of batteries, and 

371 low temperatures will decrease battery capacity. 

372 Previously, in the maintenance routine of traditional batteries, if any customer installed a 

373 system with an “old-fashioned battery”, the system required regular checks of the liquid battery 

374 level “battery solution” of the Lead-Acid Battery (LAB) unsealed type. The energy storage 

375 devices used in conjunction with a photovoltaic solar energy system is a lead-acid battery. 

 

376 The heat induces in the battery because of some phenomena due to electrochemical reactions 

377 during typical charging/discharging cycles [39, 40]. Additionally, battery heat build-up must 

378 be carefully monitored; therefore, the battery’s overcharging and consequent overvoltage could 

379 cause overheating. However, to be more specific, varying ambient conditions have an impact 

380 on cycle life along with various battery parameters. 

 

381 3.2.2. Battery Electrical Behaviour 

382 Battery electrical behaviour describes how it stores and delivers electrical energy. The batteries 

383 deliver electrical energy by generating a voltage potential difference between their positive and 

384 negative terminals. It depends on their chemistry, and batteries have varying discharge 

385 behaviours. A battery’s construction, chemistry and state of charge significantly determine its 
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386 voltage. The battery's energy storage capacity can be determined via multiplying its capacity 

387 with the nominal battery voltage. 

 

388 Temperature is an essential factor that significantly influences battery performance behaviour. 

389 Increasing temperatures can accelerate chemical processes inside the battery, accelerating 

390 capacity loss and rapid deterioration, but low temperatures can raise internal resistance and 

391 lower a battery’s capacity to produce electricity. 

 

 

 

 

 

 

 

 

 

 

 

 
392 

393 Fig.11. Performance of the battery for voltage discharge. 

 

394 The internal battery configuration uses the provided nominal cell voltage. Although the battery 

395 cell’s internal series resistance is about 0.001155ohm, nominal cell voltages are 3,6VDc, and 

396 the desired bank voltage is 500VDc. It is worth mentioning that the voltage of a battery is 

397 considered an important characteristic of its function. 

 

398 The battery’s maximum discharge current is determined by its internal series resistance. The 

399 internal resistance in batteries reduces their effectiveness in delivering electrical energy. The 

400 voltage decreases within the battery are due to the internal series resistance, particularly when 

401 large currents are being used. The lower efficiency, power loss and voltage output decrease can 

402 all be attributed to high internal resistance. When developing battery-powered systems, it’s 

403 essential to take into account the internal resistance to reduce energy losses and enhance 

404 performance. 

 

405 As shown in Fig.11, the performance behaviour curve of the battery for voltage discharge at a 

406 depth of discharge. As the percentage of DoD increases, the voltage will decrease under voltage 

407 discharge conditions. The voltage discharge patterns are not necessarily systematic owing to 

408 more reactions that might happen. 
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409 The method in which the battery voltage varies during discharge conditions as a result of 

410 equilibrium concentration influences, and owing to polarisation is a main characteristic of 

411 battery technology [21]. However, with such a long cycle life, the extra cycles you acquire will 

412 only be helpful for smaller DoD. 

 

413 The batteries conserve energy released when there is a need for electricity, such as at nighttime 

414 or when there is not enough sunlight. The electrical load is powered by the electricity from the 

415 batteries, which ensures a constant supply of electricity even when the solar photovoltaic 

416 modules are not producing any. 

 

417 Integrating a solar PV system with battery storage enables greater energy independence. 

418 Through their incorporation, additional electrical power produced by photovoltaic devices 

419 throughout the day can be utilised at night time or during periods of dim illumination. The end 

420 users can utilise it to store extra electricity to utilise afterwards, which reduces their reliance 

421 on the grid and offers backup power in case of grid failures. 

 

422 It’s crucial to remember that various battery chemistries dominate in various performance 

423 characteristics. In this regard, lithium-ion batteries are appropriate for portable devices and 

424 electric vehicles due to their high energy density and long-life cycle. Other than these, flow 

425 batteries are widely used for grid-scale energy storage due to their scalability and high life 

426 cycle. 

 

427 3.3. Inverter/Controller 

428 The inverter manages the energy flow among battery storage, solar photovoltaic system and 

429 electrical load. The inverter is a device which converts DC electricity produced by the solar 

430 modules into alternating current electricity. The inverter carries out this conversion procedure, 

431 which guarantees that the power can be consumed with electrical appliances. 

 

432 It also relies on the inverter, which normally accompanies and controls the system’s operational 

433 voltage. As lighting, temperature, and load demands shift, the system’s output in terms of 

434 voltage and current also varies. The specification of the system inverter used “SMA America 

435 SC750CP-US (with ABB Eco Dry Ultra transformer)”. It incorporated the maximum power 

436 point tracking (MPPT) system controller. 

 

437 The battery has a limit on the quantity of current that can be utilised when charging or 

438 discharging them, and using too much current may result in undesired thermal losses and 

439 reduced efficiency. In this regard, it is important to set up the discharge for the battery bank 
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(a) 

440 into the controller [38]. The daily functions of the inverter/controller can be expressed by the 

441 following relationship (14). 

 

442 

443 

 

𝐼𝑁𝑉𝑐𝑜𝑛𝑡𝑟𝑎𝑙(𝑡) = { 
𝑃𝑉𝑃𝑜𝑢𝑡  ≥ 𝑃𝑑𝑒𝑠𝑖𝑟𝑒𝑑 ,  𝑃𝑉 𝑠𝑦𝑠𝑡𝑒𝑚 𝑤𝑖𝑙𝑙 𝑏𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 𝑠𝑜𝑢𝑟𝑐𝑒 

𝑃𝑉𝑃𝑜𝑢𝑡 < 𝑃𝑑𝑒𝑠𝑖𝑟𝑒𝑑 , 𝑡ℎ𝑒 𝑏𝑎𝑡𝑡𝑒𝑟𝑦 𝑏𝑎𝑛𝑘 𝑤𝑖𝑙𝑙 𝑏𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 𝑠𝑜𝑢𝑟𝑐𝑒 
(14) 

444 The amount of sunlight radiation received in a certain place determines the solar PV system’s 

445 capacity to generate energy. The key elements of a photovoltaic (PV) system are the maximum 

446 power point tracking (MPPT) system controller, DC-AC inverter, battery storage, and 

447 photovoltaic solar module [41, 42]. However, understanding these behaviours makes 

448 identifying the most efficient battery technology for a given application easier. Moreover, it 

449 enhances energy management systems and ensures that batteries are employed safely and 

450 effectively in diverse systems and devices. 
 

 

451 
 
 
 
 
 
 
 
 
 
 
 

 
452 

453 Fig. 12. Performance behaviour of the inverter (a) inverter efficiency versus rated output 

454 power (b) inverter temperature affects power. 

455 

(b) 
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456 Fig.12 illustrates the inverter efficiency versus rated power (a) and how inverter temperature 

457 affects power (b). Hence, in section (a), the rated output versus the efficiency starts from 0% 

458 and grows until a steady state at 20% of the rated output power. The efficiency will be 96%; 

459 this will be stable for voltage DC, high MPPT and low MPPT. 

 

460 The ambient temperature also has an effect on inverter performance. As elucidated in Fig.11 

461 (b), the rated power is stable at low temperatures, for @800, @600 and @390VDc. At a 

462 temperature of 30 oC, there is a gradual decrease in the rated power at 800VDc. Also, at 40 oC 

463 temperature, the rated power turns to decrease at 390VDc.While at 50 oC the rated power starts 

464 to decrease at 600VDc. 

 

465 4. Integration of Energy System 
 

466 Energy storage systems are integrated with solar photovoltaic (PV) systems via converting the 

467 generated energy into electrochemical energy and storing it in the battery [43, 44]. The solar 

468 photovoltaic and battery storage system operates under the control of an energy management 

469 system. Thus, energy management responds to energy demand, the battery charging and 

470 discharging according to solar generation, and grid conditions, if any. This guarantees effective 

471 solar energy usage and increases the benefits of the battery storage system. 

 

472 An energy management system is also utilised to monitor and control the electricity flow 

473 between the array of solar modules, battery storage, and the demand load. It optimises the 

474 battery at charging and discharging conditions based on energy availability and need. 

 

475 Preserving supply and demand equilibrium and supply of power quality correction in the event 

476 of abrupt variations in voltage necessitate energy storage systems. Numerous design 

477 parameters, such as battery type, size, depth of discharge, heat, backup time, and required 

478 reserve energy, influence the energy storage system rating [45]. It is crucial to energy storage 

479 systems (ESS) as they manage how batteries are charged and discharged and other mediums of 

480 energy storage. It ensures that enough energy is available when needed, optimises the flow of 

481 energy, and monitors the condition of the batteries. 

482 Increasing system efficiency can be achieved by adding batteries to a photovoltaic system; this 

483 may boost the system’s overall effectiveness. The excess electricity produced by solar modules 

484 during periods of low energy demand can be stored in the batteries, in contrast to being lost 

485 during such times. This enhances the comprehensive utilisation of the solar energy generated. 



23  

486 It is important to mention that a solar photovoltaic system coupled with a battery can help 

487 industrial and commercial customers lower peak demand fees. Therefore, the industries sector 

488 can reduce their electricity costs by releasing stored energy at times of high demand. 

 

489 Systems with solar and storage can potentially offer services to the grid. Therefore, battery 

490 energy could be released to keep up the grid during periods of high electrical demand, relieving 

491 pressure on utility buildings. Some solar photovoltaic systems incorporating a battery can be 

492 monitored and controlled remotely. Through a “user-friendly interface”, these systems enable 

493 users to monitor the efficiency of their solar devices, the status of the batteries, and 

494 the consumption of energy. Some systems may even allow for remote control of energy flows 

495 and configurations for the best system performance. 

496 As development and research efforts focus on enhancing current battery technologies and 

497 inventing novel types, battery performance continues to improve. Further applications, a rise 

498 in the use of clean/renewable energy sources, and the overall development of energy storage 

499 systems are influenced by improved performance. 

500 The future scalability of a PV system with batteries should be taken into account during 

501 installation; since the demands for energy increase or technology develops, it might have the 

502 choice to install additional photovoltaic arrays or increase the battery storage capacity. It is 

503 essential to consider future scalability when designing the initial system in order to fulfil all 

504 potential requirements. Further energy system integration is to consider the technology of smart 

505 energy technology devices and autonomous control. Besides, referring to the revolution of 

506 information technology can use artificial intelligence technology in future design. 

 

507 5. Conclusions 

508 This study analysed a solar photovoltaic system integrated with a battery, also known as a 

509 solar-plus-storage system, incorporating solar modules with energy storage characteristics. 

510 This combination allows extra electricity produced by the solar module array during the day to 

511 be stored and used at night or during periods of insufficient sunlight. 

 

512 Based on the results and discussion analysis, it elucidates integrating a solar photovoltaic 

513 system is gaining a greater performance and higher availability. Energy efficiency can be 

514 increased by using a photovoltaic system with integrated battery storage, i.e., the energy 

515 management system acts to optimise/control the system’s performance. In addition, the energy 
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516 management system incorporates solar photovoltaic battery energy storage can enhance the 

517 system design under various operating conditions. 

518 From the battery’s electrical performance behaviour, the battery’s number of cycles depends 

519 on the depth of discharge. Thus, the battery cycle lifetime and capacity increase with the 

520 increase of DoD. The overall battery effective capacity ratios are deceased when the 

521 percentages of SoC and associated temperature increase. 

522 The thermal performance characteristics of the integrated model devices are considered. Based 

523 on that temperature sensitivity was investigated, and it was deduced that inverters at high 

524 temperatures have affected the performance parameters. Moreover, an increase in temperature 

525 also affects solar PV modules, which decreases their performance. Unlike this, the batteries 

526 perform well at high temperatures; hence, their best capacity is at high temperatures, but in 

527 conventional batteries, the corresponding battery’s lifespan decays at an increased rate. The 

528 appropriate thermal management can manipulate the trade-off between high and low 

529 temperatures and associated costs. 

530 From the model, it is deduced that the system has an annual estimated energy yield of 

531 approximately 1,353 kWh/kW and a performance ratio of 0,85. The highest energy yield 

532 occurred during the summer (May-August), owing to more sunshine hours and high solar 

533 intensity values. 

534 Further upcoming works will include an investigation by experimental/numerical analysis of 

535 building integrated photovoltaic (BIPV), particularly during peak load demand periods, where 

536 there is a demand for more energy to power the air conditioning systems, etc. Furthermore, the 

537 study of solar PV-battery levelised the cost of electricity needs to be estimated in the future. 
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