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Abstract— It results widely common for distribution network operators to impose restrictions on delivered solar 1 
photovoltaic generated power when the power plant rated power is greater than the maximum allowed due to the 2 
distribution network capacity. Thus, a feasible solution to maximize the performance of the solar power plant is the 3 
integration of battery energy storage systems. Although this configuration has been extensively studied in the existing 4 
literature, an optimal design method to determine the proper size and operation of the energy storage system needs to be 5 
developed. In this paper, a novel method to help power plants designers to determine the optimal battery energy storage 6 
capacity to integrate into any solar photovoltaic power plant is provided. The proposed algorithm minimizes the potential 7 
power curtailment and optimizes the utilization rate of the batteries storage system. The algorithm can be applied to any 8 
grid connected solar photovoltaic power plant under delivery power restrictions, regardless of power capacity and 9 
location. The algorithm has been implemented to a simulated power plant with delivery limitations based in a real case, 10 
and results with the optimal battery capacity show that the system would be able to recover up to the 83% of the curtailed 11 
energy and a yearly average capacity utilization of 56%. Moreover, the BESS operation has been validated with a scaled 12 
model run in Simulink and laboratory measurements, achieving 98% of curtailed energy recovery rate and a 57% of 13 
average capacity utilization. 14 
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NOMENCLATURE 22 

 23 

AC  Alternating Current. 24 
Ah  Ampere per hour current capacity. 25 
BESS  Battery Energy Storage System.  26 
C  BESS capacity value [kWh]. 27 
Copt  Optimal BESS capacity value [kWh]. 28 
Cachievement (C,L) Average annual capacity utilization rate (it depends on C and L) [-]. 29 
Cdelivered(C,L) Specific delivered energy recovered from the BESS (it depends on C and L) [kWh/kW]. 30 
Cextra(C,L) Annual extra recovered energy coefficient (it depends on C and L) [-]. 31 
CPI  Consumer Price Index [%]. 32 
d  Number of days considered to compute Cachievement [days]. 33 
DNO  Distribution Network Operator. 34 
DC  Direct Current. 35 
Eextra(L)  Annual total curtailed energy (it depends on L) [kWh]. 36 
Edelivered(L) Annual total recovered energy from the BESS (it depends on C and L) [kWh]. 37 
f(C,Lt) Target function to optimize (it depends on C and L) [-]. 38 
HV High voltage. 39 
IRR  Internal Rate of Return [%]. 40 
IGBT  Insulated gate bipolar transistor. 41 
kW  Kilowatt. 42 
kWh  Kilowatt per hour. 43 
L  Power curtailment due to power grid restrictions [kW]. 44 
LCOE  Levelized Cost of Energy. 45 
ms  Millisecond. 46 
µs  Microsecond. 47 
MPPT  Maximum Power Point Tracker. 48 
MW  Megawatt. 49 
n  Number of pairs of cut-off points which define the curtailment periods [-]. 50 
n’  Number of pairs of cut-off points which define the BESS discharging periods [-]. 51 
PoC  Point of Connection (grid border). 52 
PPC  Power Plant Controller. 53 
Pch(t)  Required charge power for the BESS (it depends on t) [kW]. 54 
Pdisch(t)  Discharge power for the BESS (it depends on t) [kW]. 55 
PPV(t)  Solar photovoltaic power generation potential without limitations (it depends on t) [kW]. 56 
PR  Performance ratio [%]. 57 
PV Photovoltaic. 58 
RES  Renewable Energy Source. 59 
SG  Smart Grid. 60 
S  Sulphur. 61 
SoC (C,L,t) State of Charge (it depends on C, L and t) [%]. 62 
SoCmin  Minimum allowed State of Charge for the BESS [%]. 63 
SoCmax  Maximum allowed State of Charge for the BESS [%]. 64 
Tsample  Integration time step used in the simulation [s].  65 
VBA  Visual Basic programming language. 66 
V2G  Vehicle to grid. 67 
Vdc  Direct current voltage. 68 
Wp  Watt peak power. 69 
𝜂𝑐ℎ  BESS charging efficiency [-]. 70 
𝜂𝑑𝑖𝑠𝑐ℎ  BESS discharging efficiency [-]. 71 
 72 
  73 
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1. INTRODUCTION 74 

Due to the progressively higher penetration of renewable energy sources (RES) in the distribution network, 75 

Distribution Network Operators (DNOs) have recently been forced to address major technical challenges. One of the 76 

most remarkable problems is the appearance of large amounts of uncontrolled, difficult-to-forecast and highly 77 

dependent on local conditions, energy injections in the distribution network. Thus, a common practice of DNOs is to 78 

limit the rated power of grid connected power plants to a 50 percent of the technical capacity of the network to which 79 

the plant is to be connected [1]. In the case of solar photovoltaic (PV) power plants, their rated power is associated 80 

with their peak power, which occurs under standard conditions (defined by horizontal irradiance value of 1,000 W/m2, 81 

ambient temperature of 25 ºC and air mass value of 1.5), which are usually achieved only under clear sky conditions 82 

and an small daily time window. Then, these power plants are used to be clearly oversized and show very low 83 

performance ratios, high curtailment rates and low yearly equivalent hours (ratio between the yearly generated energy 84 

and the yearly energy that could be produced working continuously at the rated power). 85 

Therefore, power plant owners and promotors have been considering the incorporation of battery energy 86 

storage systems, or BESS, in PV power plants in order to oversize the power plant capacity while complying with the 87 

technical limitations imposed by the DSOs; and storing the potential power plant’s surplus energy during periods of 88 

maximum production in order to deliver it to the power grid during low irradiance periods. However, it is still unclear 89 

how to define the appropriate size of the BESS in order to guarantee the profitability of the energy storage as it is 90 

characterized, by the moment, by high investment costs and considerable operation and maintenance needs. Thus, the 91 

authors in this paper propose a novel method for designing the storage capacity of the BESS integrated in a PV power 92 

plant (or other uncontrolled, variable resource fed power plant) with power delivery limitations, with the aim of 93 

maximizing the ratio of the surplus energy injected into the grid (or in other words, minimizing the curtailment ratio) 94 

while maximizing the use of the installed energy storage capacity; this means maximizing the amount of energy per 95 

MWh installed in the BESS, which will ultimately be related to the plant’s economic profitability.  96 

Electrical storage technology can be seen from two different points of view: independent distributed storage 97 

and centralized storage. The former combined with smart grids (SG) points to have good possibilities, considering 98 

that it has aroused interest in the scientific community, as shown by the number of publications based on the use of 99 

electric or hybrid vehicles, connected to the standby distribution network through V2G (Vehicle to grid) technologies 100 

and, thus, converting into a large virtual distributed electricity storage system, and also the recent investments that  101 

private companies are performing in this technology. Moreover, some studies depict new possibilities with standalone 102 

systems integrated in heterogeneous cellular networks [2]. The analysis of the advantages and drawbacks of the former 103 

versus the latter approach is likewise of interest [3]. Furthermore, management of system controllers is also important 104 

in the former approach [4]. In [5] and [6], the use of V2G combined with PV is considered to limit consumption peaks 105 

in a SG, seeking to minimize the power consumption from the external power grid and prioritizing the energy 106 

generated via the PV system. Another approach worth to be mentioned is the use of BESS in hybrid systems; e.g., in 107 

[7] an off-grid photovoltaic hybridized with a diesel generator and a BESS is analysed, providing a new energy 108 

management algorithm; in [8] a smart sizing approach is provided for a photovoltaic fed water pumping system. In 109 

this work, it has been exclusively considered the latter approach because the goal in this work is the ad hoc design of 110 

a BESS in the specific case of power delivery limitations and provide an optimisation method easily implemented in 111 

commonly PV design software by VBA scripts. Then, the curtailment minimization and the maximization of the 112 

average BESS capacity utilization are used as designing criteria. Moreover, real operation conditions of the proposed 113 

BESS have been simulated by scaling an equivalent Simulink® model, validating this way the proposed method. Fig. 114 

1 summarizes in a graphic scheme the proposed approach. 115 

This paper is organized as follows. In next section, the solar PV generation potential model is presented. Then, 116 

the behaviour of the power plant is analysed and the expressions to obtain the optimal value of C for the BESS are 117 
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presented. The algorithm has been coded in VBA scripts which are provided in the Supplementary material. In the 118 

third section, the conditions of the plant where the study will be carried out are defined, as well as the simulation 119 

conditions where the simulation will provide the data for the development of the design method. For this purpose, a 120 

simulation based on a real plant is carried out using the PVsyst® and weather data from Meteonorm® [9]. The 121 

Simulations and Results section shows the simulation configuration and the obtained results by implementing the 122 

proposed BESS optimization method. First simulations set works with a real 10 MVA solar PV power plant data and 123 

the analysis are conducted in Microsoft Excel®. Then, a second simulations set is conducted in Simulink® [10] in 124 

order to assess the operation behaviour of the BESS. Due to computing limitations, the Simulink® model corresponds 125 

to a scaled PV power plant which conditions has been replicated in the laboratory. While the first set of simulations 126 

work with a complete year data, the second set has been applied only to three reference days, corresponding to three 127 

irradiation conditions: low, average and high irradiation. Moreover, this last set of simulations in Simulink® have 128 

been conducted under three BESS size scenarios: (i) considering the optimal BESS capacity size, (ii) considering the 129 

double of the optimal BESS size, and (iii) considering the half of the optimal BESS size. Finally, the results are 130 

analysed in the Discussion section and conclusions, further research lines and advantages and disadvantages of the 131 

proposed approach are included in the last section. An appendix section has been included with the Simulink® 132 

simulation graphical results. 133 

 134 

Fig. 1. Block diagram of the proposed method for BESS capacity sizing optimization. Source: own elaboration. 135 

2. THEORETICAL BACKGROUND 136 

Numerous papers have been published on storage systems in solar plants in recent years [11], [12], [13] and 137 

[14]. Part of this research is devoted to developing control systems that optimize the use of batteries in networks with 138 

high PV penetration [15], or integral management for PV systems, BESS and load forecast with hourly rate [16]. A 139 

great deal of research has been conducted into the use of BESS with the aim of mitigating and/or eliminating 140 

contingencies in DNOs for particular cases [17] and for commercial networks [18], in order to peak load shaving, 141 

power curve smoothing and voltage regulation in transformer distribution networks, a BESS is evaluated to obtain 142 

such goals in [19]. Techno-economic analysis of a PV/Biomass/fuel cell energy is presented in [20] and a standalone 143 

roof top PV system with BESS is analysed in [21]. Other researches are focused in different solar technologies cost 144 

optimization as in [22], where base structural design for cylindrical reflector system is presented. In line with the 145 

scope of this paper, algorithms have also been designed for optimizing the use of PV + ESS systems, penalizing client 146 

peak consumption. The primary aim of these algorithms is to maximize customer benefits with PV avoiding returns 147 
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of power, while the second is to improve the load profile by modifying customer consumption behaviours [23]. Also, 148 

in [24] customer consumption behaviours are evaluated with BESS installation, faced to a consumption behaviour 149 

without BESS. However, none of these papers include the design of an optimized sizing method for the capacity of 150 

the system to be installed. In [25], a control strategy is defined for the integration of PV + BESS in DC microgrids. 151 

Three scenarios are considered: connected to the grid, isolated, and transition. The strategy coordinates in the same 152 

scenario the BESS, PV, load management, and SoC in isolated mode. In AC mode, AC/DC inverters are used to 153 

stabilize the system by conducting, as in this paper, Simulink® simulations—using the DC voltage level as the input 154 

parameter to the control system. Some management systems include adaptive-predictive mechanisms with expert 155 

domains [26], which will be discussed in the final section of this paper devoted to future research focused on BESS 156 

management in PV plants. Authors in [27] define an energy management system based on a predictive model 157 

controller of an isolated hybrid system where PV energy systems, wind power, a fuel cell, and a BESS system are 158 

involved. There are reports showing predictive systems on management of battery combined with PV systems 159 

improves the IRR of the installation, this is the same case of study published in [28] and [29] were a PV system with 160 

BESS installation is optimized with financial approach, considering economic conditions. The novelty of this paper 161 

provides a tool to determine the capacity of the system that optimizes its exploitation, something that is not provided 162 

on other research. The followed procedure in this work, only the main values of the BESS system have been 163 

considered, such as the storage capacity in kWh or the state of charge. The authors consider this is the best way to 164 

address the capacity without depending on the direct current voltage (Vdc), as is the case when it is expressed in hourly 165 

amps (Ah), charge and discharge power, and time periods. The Simulink® simulation has considered the battery 166 

technology used. It is hence necessary to obtain an accurate enough battery model. Although it does not necessarily 167 

mean it is the most optimal technology from an economic point of view, a Li-ion battery was thus chosen. A detailed 168 

review of the different existing electrical energy storage technologies (including batteries and different technologies) 169 

can be found in [30], where it is shown that the technology based on NaS is the most widely used in BESS, followed 170 

by Lead Acid, Li-ion, and Ni-Cd. However, there are reports that shows that Pb-acid technology presents a better 171 

economic cost/energy production ratio compared to NaS technology. In [31] an overview on recent development in 172 

ESS is presented. 173 

Authors in [32] have carried out a batteries’ size optimization sought following a Markov-Chains approach 174 

for a number of technologies. The use of batteries can reduce the variability. In [33], a statistical model is employed 175 

to find the optimal configuration for a BESS based on batteries and supercapacitors. Furthermore, authors in [34] 176 

provide a developed method for BESS optimization within an installation in which all elements are connected to the 177 

AC bus, using DC-AC inverters for the PV plant and AC-DC/DC-AC inverters for the BESS. The developed method 178 

seeks the economic optimization of the operation with the facilities for the very specific case in which there are two 179 

tariff periods, the objective function being the minimization of the cost function. The work fully describes the 180 

mathematical formulation employed in the procedure. This procedure provides a capacity value for maximum values 181 

of energy delivered into the grid, however this doesn’t mean it will result in an improvement in the economic cost. 182 

This is not the case of this research, where a general approach for all possible configurations are considered in terms 183 

of systems but only in the case of PV plants on grid connected with limited export capacity. Not always the research 184 

works are focused in the AC bus, in [35], a research is developed to optimize a microgrid operation at DC bus level. 185 

Given that the scope of this paper is to analyse the optimized design of BESS, it should be pointed out that, 186 

although different papers have been published in this respect, to the best of our knowledge none of them has provided 187 

tools for a design to be applied in PV plants with power delivery limitation. Although a BESS sizing method is 188 

provided in [36], it focuses on reducing the power returns to the DNO point of connection (PoC) and also on countering 189 

the overload in the transformers of the companies [this method is tested using Monte Carlo based simulations]. Barsali 190 

et al. show in [37] the results of two years of experimentation with BESS. It analyses the technical and economic 191 

benefits of an energy storage system made up of equipment employing different technologies. On the other hand, in 192 

[38], Zalani et al. develop a BESS control algorithm to obtain a smoothed output PV power production curve; results 193 
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are employed to obtain the payback time of the BESS. Different researches focus on the instant compensation of the 194 

energy generated by RES systems with the power load, seeking to minimize imbalances in the grid caused by the 195 

increase in PV penetration in the distribution systems, as it is required by regulations in markets such as those of 196 

Germany [39], Spain [40], Italy [41], and the UK [42]. Finally, in [43], a BESS is studied focusing on minimizing the 197 

difference between the PV production estimation and actual production. 198 

In general terms, current scientific contributions regarding the optimal sizing of BESS show pure economic 199 

or technical approaches. Nevertheless, it also can be found specific works where particular technical issues, such as 200 

power ramps limitations (these sorts of limitations can result mandatory in some power systems, e.g., the case of 201 

regulations in Puerto Rico [44]), limitations of frequency band deflections by power returns [45], reactive power 202 

compensation, overhead distribution transformers or primary frequency control of islanded microgrids [46] are 203 

considered. 204 

3. MATERIALS AND METHODS 205 

3.1 PV generation potential model 206 

In this work, the optimal sizing of a BESS coupled to a PV power plant with power delivery limitations is 207 

proposed. Then, power generation potential is estimated through advanced simulation software fed with weather and 208 

climate files and characteristics of the desired power plant components. Real generated power data can be optionally 209 

used to validate the results if they are available (usually they can be gathered from the monitoring platforms deployed 210 

in this sort of facilities). In order to perform the simulations in this work, daily climate data files from Meteonorm® 211 

have been used.  212 

Once that the climate data files are obtained for the desired location of the PV power plant, hourly electricity 213 

generation without limitations must be estimated accurately. There exist several methods to conduct this sort of 214 

simulations, from the simplest to the most accurate and complex. Several PV power estimation software can be found, 215 

both private or open source. One of the most widely used for its reliability and accurate results is PVsyst®, which is 216 

characterized because it offers hourly power estimations and results can be exported to spreadsheets (such as Microsoft 217 

Excel®) and other software data file formats.  218 

Hourly PV power estimations are discrete data. In order to reduce data size and improve energy calculations 219 

by integration methods, polynomial regression techniques are applied. Thus, based on the data provided by the PV 220 

power estimation software (PVsyst®), 6th grade polynomial equations have been adjusted for each daily power profile, 221 

according to equation (1). 222 

𝑃𝑃𝑉
𝑖 (t)=ai,0+ai,1·t1+ai,2·t2+ai,3·t3+ai,4·t4+ai,5·t5+ai,6·t6,     (1) 223 

where PPV
i(t) is the estimated hourly PV power generation [kW] for daytime t [h], and for the i-th day of a natural 224 

year, with i ∈ {1,2, … ,365}. ai,j is the j-th coefficient [-] of the 6th grade polynomial. 225 

The polynomial adjustment through the least-squares method can be easily implemented in a Microsoft 226 

Excel® spreadsheet by simply using the function: 227 

LINEST(m1;m2^{1;2;3;4;5;6};1;0),     (2) 228 

where m1 is the matrix of values to be estimated while m2 is the matrix with the polynomial coefficients to be estimated. 229 

The last two terms in the function specify they are independent variable terms and if adjustment deviations statistics 230 

are desired to be provided, respectively. 231 



-7- 

 One of the main advantages of computing the polynomial regression through a software, such as Microsoft 232 

Excel® is that the polynomial calculation for each day can be automated through Visual Basic (VBA) programmed 233 

routines (in supplementary material chapter A, polynomial calculation code in VBA is provided). 234 

 Figs. 2 and 3 show the comparison of the discrete simulation data values and the estimations with the obtained 235 

polynomial functions. Only a clear (Fig. 2) and a cloudy (Fig. 3) are shown as examples. It can be observed that the 236 

proposed approach is highly accurate, especially for clear sky conditions. Although some discrepancies can be 237 

observed in cloudy days, the proposed polynomial degree is enough to provide good results for the method. 238 

  239 

Fig. 2. Simulated and polynomic approximations of PV generated power under clear sky conditions. Source: own elaboration. 240 

  241 

Fig. 3. Simulated and polynomic approximations of PV generated power under cloudy conditions. Source: own elaboration. 242 
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 With the daily power curves calculated before, energy calculations can be easily performed for any desired 243 

time window. Fig. 4 shows the estimated monthly PV generated energy by the plant under study, considering no 244 

energy delivery limitations. 245 

  246 

Fig. 4. Estimated monthly PV energy generation without delivery limitations. Source: own elaboration. 247 

Comparing the total annual energy productions of the PVsyst® results and those from the polynomic 248 

regression, a percentage difference less than 10-9 between both results is obtained. Thus, the overall fit of annual 249 

production is considered good enough and the PV generation potential model is validated. 250 

3.2 Calculation of the optimal BESS size 251 

To optimize the BESS installed capacity size (Copt) a target function is defined. This target function can be 252 

defined in technical, economic terms, or both. Although other specific targets can be found applying the proposed 253 

method, in this case, it results mandatory to minimize the power curtailment due to delivery limitations and maximize 254 

the BESS profit through its average daily utilization. 255 

The power curtailment (energy that could be produced by the generation system but that it could not be 256 

delivered to the power grid) can be quantified as shown in equation (3). 257 

Pextra(𝑃𝑃𝑉,L)=𝑃𝑃𝑉 − 𝐿, ∀𝑃𝑃𝑉 ≥ 𝐿,        (3) 258 

where Pextra [kW] is the power curtailment due to the maximum power delivery limitation, L [kW] and PPV is the solar 259 

photovoltaic power which would be generated without limitations [kW], defined in equation (1). 260 

However, depending on the installed BESS capacity, the real curtailed and then delivered energy1, Edelivered 261 

[kWh], can differ from the total curtailed energy, Eextra, defined in equation (10). Then, the Cextra value [-] is defined 262 

as the ratio between the real delivered energy recovered thanks to the installed BESS and the total curtailed energy, 263 

                                                           
1 Due to the charging and discharging efficiency rates are lower than 1, Edelivered only considers the final delivered energy into the power grid. 
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as shown in equation (4). 264 

Cextra(C, L)=
Edelivered(C ,L)

Eextra(L)
 ,     (4) 265 

where Edelivered corresponds with the additional amount of energy that the PV power plant have been able to export 266 

into the power grid after the installation of the BESS, i.e. the yearly energy that the BESS delivers into the grid.  267 

On the other hand, in order to see the utilisation of the BESS, it is advised to express Edelivered in specific terms: 268 

 𝐶𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑(𝐶, 𝐿) =
𝐸𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑(C ,L)

C
,             (5) 269 

where Cdelivered(C, L) is the specific energy [kWh/kW] that can be delivered additionally to the power grid because it 270 

has been stored under delivery limitation conditions and it was injected when PV production was lower than the power 271 

limitation and C is the BESS capacity [kW]. 272 

 Let’s notice that the Cdelivered(C, L) value is strictly decreasing when C increases. As soon as C is increased, 273 

the annual energy production also increases, but not in the same proportion as in the first installed MWh. This effect 274 

appears because as the capacity increases, it also does the underutilization rate, which is especially significant on 275 

cloudy days in PV power plants. Thus, the daily average utilization of the BESS capacity should be considered for 276 

optimization purposes. That value is considered in this work with the Cachievement(C, L) variable, which depends on the 277 

BESS installed capacity. This parameter is calculated as the average daily ratio of the energy storage in the BESS 278 

system and the installed capacity, as it is shown in equation (6), where d is the number of days in the analysis period 279 

(typically one natural year or 365 days). In an optimal design, Cachievement(C, L) must be maximum, as it is related with 280 

maximum economic profit and minimum levelized cost of energy (LCOE). The proposed algorithm to calculate the 281 

Cachievement(C,L) value is provided in supplementary material Chapter F. 282 

  𝐶𝑎𝑐ℎ𝑖𝑒𝑣𝑒𝑚𝑒𝑛𝑡(𝐶, 𝐿) =
1

𝑑
∑ 𝐶𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑

𝑖 (𝐶, 𝐿)𝑑
𝑖=1 .             (6) 283 

To combine both targets, a multi-target optimization approach must be considered. Although several 284 

techniques could be applied, such as the calculation of Pareto fronts, a simple but effective method has been 285 

implemented in this case, which simply consists of defining the target function, f(C, L), as the product of both targets, 286 

as both must be maximized [see equation (7)]. This approach allows fast calculations and optimal performance. 287 

f(C,L)=C
achievement

(C,L) · Cextra(C,L),          (7) 288 

To the target function seen in equation (7), two constraints must be added defining the upper and lower limits 289 

for the BESS installed capacity C. As optimization method, several approaches can be applied. In this work the 290 

SIMPLEX optimization solver is proposed, as it results efficient for solving this linear programming (LP) optimization 291 

problem, that can be implemented in a Microsoft Excel® spreadsheet through the provided “Solver” toolkit. Genetic 292 

optimization algorithms can also be applied, if desired, through the “Evolutionary” solver. 293 

As final remark, Copt [kWh] will be the BESS capacity size value that arranges the optimal value for f(C, L). 294 

3.3 Determination of the curtailed and delivered energy 295 

 Both the Eextra and Edelivered values must be computed to perform the BESS optimization. In the case of Eextra, 296 

the area above the power delivery limitation, L, must be calculated. It should be noticed that this area may exist or not 297 

in a daily period and, in the case there exist curtailment, this situation may occur several times. At any case, the 298 

number of cut-off points must be an even number. An example with two curtailment situations can be observed in 299 

Fig. 5, where the power delivery limitation has been set at 7 MW. 300 
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  301 

Fig. 5. Example of a daily profile with curtailment due to maximum power delivery. Source: own elaboration. 302 

The algorithm must be able to find and obtain all the pairs of cut-off points and discriminate between valleys 303 

and peaks in order to, accordingly, calculate the battery charge in the peaks (if the BESS has available capacity), or 304 

battery discharge in the valleys (if the BESS has available power load). 305 

Cut-off points are those that satisfy the following expression: 306 

𝑃𝑃𝑉
𝑖 (𝑡) − 𝐿 = 0,      (8) 307 

where i is the analysed day of the year. To find all possible solutions for equation (8), when they exist, a solver tool 308 

with a local search region (giving to the search a resolution of 0.1) has been implemented and it is provided in 309 

supplementary material Chapters B and C.  310 

 To compute the Eextra(L) value for each day, equation (9) was implemented in a VBA script that is executed 311 

for each daily profile and that can be found in Chapter D of the supplementary material: 312 

Eextra
i (L)= ∑ ∫ [𝑃𝑃𝑉

𝑖 (𝑡) − 𝐿]dt
𝑡𝑗+1

𝑡𝑗

2n-1
j=1 ,     (9) 313 

where n is the number of pairs of cut-off points which define the curtailment intervals found on the i-th day, tj [h] the 314 

start cut-off point of the j-th curtailment interval and tj+1 [h] the end cut-off point of the interval. Then, the total annual 315 

curtailed energy can be calculated according to equation (11). 316 

Eextra(L)= ∑ Eextra
i (𝐿)365

i=1 .     (10) 317 

 The provided VBA script can be executed with the command “Extra_Energy” which takes just a single 318 

argument: the power delivery limitation (L). Furthermore, let’s notice that the calculated cut-off points are also 319 

displayed in the default cells from the calculation spreadsheet. 320 
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 On the other hand, in order to compute the Edelivered value for each analysed day, the following considerations 321 

must be considered: 322 

i. The battery is considered initially fully discharged (BESS State of Charge, SoC, at minimum level). 323 

ii. The BESS must absorb all the available surplus energy until full capacity is reached or the generated 324 

power gets lower than the power delivery limitation (see Fig. 6). 325 

iii. If a power curve valley is observed during the day, the battery must be discharged at a power rate 326 

satisfying the power delivery limitation, while the SoC is greater than the minimum or until the power 327 

delivery limitation is reached (see Fig. 6). 328 

The charging and discharging equations are shown in expressions (11) and (12) respectively: 329 

Pch(C,L,t)= {
𝜂𝑐ℎ[P𝑃𝑉(𝑡)-L]

0
  

𝑖𝑓 SoC(𝐶, 𝐿, 𝑡) ≤ SoC𝑚𝑎𝑥

𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
,    (11) 330 

Pdisch(C,L,t)= {
𝜂𝑑𝑖𝑠𝑐ℎ[L-P𝑃𝑉(𝑡)]

0
  

𝑖𝑓 SoC(𝐶, 𝐿, 𝑡) ≥ SoC𝑚𝑖𝑛

𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
,   (12) 331 

where Pch(C,L,t) is the charging power [kW], ηch the charging efficiency [-],  Pdisch(C,L,t) is the discharging power 332 

[kW] and ηdisch the discharging efficiency [-]. SoCmin and SoCmax are the minimum and maximum States of Charge 333 

[%] allowed for the BESS. Then, the BESS state of charge is computed as: 334 

SoC (C,L,t)=SoC (𝐶, 𝐿, 𝑡 − 1) +
∫ 𝑃𝑐ℎ(𝐶,𝐿,𝑡)d𝑡

𝐶
−

∫ 𝑃𝑑𝑖𝑠𝑐ℎ(𝐶,𝐿,𝑡)d𝑡

𝐶
,    (13) 335 

and the energy delivered to the power grid thanks to the BESS in an analysis period of d days (one natural year) can 336 

be calculated as shown in equation (14). 337 

𝐸𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑(𝐶, 𝐿) = ∑ 𝐸𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑
𝑖 (𝐶, 𝐿) =𝑑

𝑖=1 ∑ (∑ ∫ 𝑃𝑑𝑖𝑠𝑐ℎ(𝐶, 𝐿, 𝑡)d𝑡
𝑡𝑗+1

𝑡𝑗

2𝑛′−1
𝑗=1 ) ,𝑑

𝑖=1   (14) 338 

where n’ is the number of pairs of discharging cut-off points for the i-th day of analysis. The proposed algorithm to 339 

solve the Edelivered value is shown in supplementary material Chapter E. 340 

 341 
Fig. 6. BESS operation. Source: own elaboration. 342 



-12- 

4. SIMULATION AND RESULTS 343 

In this section, a real PV power plant has been simulated and the proposed BESS optimal sizing approach has 344 

been applied. Both the power plant operating conditions and the simulation results are provided, comparing the three 345 

possible scenarios: without BESS and power delivery limitation, without BESS but with power delivery limitation 346 

and with optimized BESS and power delivery limitation. Furthermore, the actual production data provided by the 347 

plant monitoring system is analysed and compared with the simulations to validate the model. 348 

4.1 Power plant description and simulation conditions 349 

The study was carried out at a large-scale photovoltaic power plant placed in the UK. This plant has a total 350 

peak power of 12 MWp distributed in 2,047 series of 23 panels of 255 Wp each, manufactured in polycrystalline 351 

silicon and consisting of 60 cells. The chosen orientation was azimuth 0, the tilt of panels 20° with the horizontal 352 

plane, and the mounting structure is fixed type. 353 

The plant has four 1,350 kW rated power PV inverters and three 1,200 kW rated power PV inverters, 354 

constituting a 9 MW nominal power plant. The maximum AC power delivered by each inverter is 1,530 kVA and 355 

1,360 kVA, respectively. Therefore, the total maximum AC power delivered by the power plant is 10.2 MVA. The 356 

plant is also provided with a transformer substation in order to fit the generation voltage level to the grid voltage level. 357 

In order to concentrate the total amount of power generated by the plant at the PoC, a high voltage customer substation 358 

has been built in which the HV power lines coming from the plant transformer substations will be connected. In Fig. 359 

7 it is shown the PV plant layout under study, showing PV panels in blue areas, inverter stations pink coloured, roads 360 

and the main access to the PV plant. In order to connect the plant to the distribution grid, a company substation has 361 

been built where high-voltage protection switchgear has been installed prior to delivering the power to the distribution 362 

grid. The PoC will be at 33 kV. 363 

 364 

Fig. 7. Layout of the PV plant subject to the analysis. Source: own elaboration. 365 
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For running the sizing and operation simulations, the Meteonorm® 97 [49] database was used for this purpose, 366 

where the main data, as hourly radiation, temperature, sun position (height and azimuth) and wind speed are provided 367 

for each single day. These data are the basis of calculation to estimate the PV generation of the plant.  368 

The profile of nearby obstacles on which the shadow loss diagram is based, including architectural elements, 369 

panels, vegetation, etc., was defined. A detailed calculation of the shading losses of the plant was likewise carried out. 370 

Fig. 8 shows the layout window used for the calculation, where the grey areas mean the PV panels over ground 371 

mounted system (simulation of projected shadows over adjacent panels) and the green areas show the generated 372 

shadows by hedges and vegetation. 373 

 374 

Fig. 8. Layout of the shadows calculation in PVsyst® simulation software. Source: own elaboration. 375 

The PV production estimation has been performed through PVsyst® software. The characteristics of the 376 

installed PV modules are defined by “.PAN” file provided by the manufacturer and extracted data from datasheets 377 

provided in [50], where it has been considered the efficiency of the commercial panels as per the manufacturer 378 

specifications, considering the different temperatures and operation environment conditions. The strings configuration 379 

is defined in this case by two arrays corresponding to each of the two types of inverters installed in the plant. The two 380 

installed inverters were likewise defined by the provided “.OND” file by the inverter manufacturer. Moreover, in the 381 

simulation, all efficiency factors affecting the global system has been considered, including, but not limited to, 382 

mismatching, soil and ohm effect losses. 383 

The simulation was performed in two scenarios, with power delivery limitation and without it, in order to 384 

compare the difference between the two results for the developed optimization procedure. 385 

4.2 Power plant simulation without BESS integration 386 

The PV plant operating without any power delivery limitation and with no BESS installed capacity is able to 387 

generate a total annual production of 12,464 MWh with a performance ratio (PR) of 85.09% and a specific (or 388 

normalized) yield production of 1,038 kWh·kWp-1·year-1 is obtained. Fig. 9 (a) shows the average monthly normalized 389 

production. 390 

On the other hand, setting a power delivery limitation of 7.5 MW, the total annual production is reduced to 391 

12,043 MWh, with a performance ratio (PR) of 82.22% and a specific yield production of 1,003 kWh·kWp-1·year-1. 392 

Fig. 9 (b) shows the average monthly normalized production in this scenario. 393 

 394 
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 395 

  396 

       (a)                        (b) 397 

Fig. 9. Average monthly normalized PV generation of the power plant (a) without power delivery limitation and (b) with power delivery 398 
limitation of 7.5 MW. Source: own elaboration. 399 

4.3 BESS sizing and simulation 400 

Due to special power load profiles and the existence of other generators in the distribution grid where the 401 

presented PV power plant is connected, the distribution company grants a maximum output power of 7.5 MVA, which 402 

is less than the maximum 10 MVA AC that the plant is available to produce. Thus, the plant is currently operating 403 

with its inverters limited to the maximum this power delivery limitation and a significant amount of energy is being 404 

curtailed. The installation of a BESS is hence required to absorb the surplus energy at peak periods to be delivered 405 

later. Then, the following design criteria must be fulfilled: 406 

1. To prevent in any case whatsoever the PV plant from delivering a higher power than the established 407 

maximum limitation. 408 

2. When the battery system has sufficient capacity and the PV plant is producing above 7.5 MVA, the 409 

difference must be accumulated in the storage system. 410 

3. When the difference between the maximum authorized power and the power generated by the plant is 411 

positive, the BESS must start to deliver the accumulated energy at the admissible power value. 412 

4. If the plant exceeds the maximum authorized power and the BESS reaches 100% SoC, the inverters will 413 

adjust their operating curve to their limits. 414 

5. In the case of charging the BESS, if the power generated by the power plant minus the maximum authorized 415 

power exceeds the maximum charge power of the BESS, the inverters will self-regulate to maintain the charge 416 

power of the BESS within limits. 417 

The BESS equipment was supplied by the BYD company [47] and comprised two containers each of 12.2 418 

metres, with a maximum power charge per container of 1 MW and a capacity of 1 MWh. Moreover, a 2 MVA dry 419 

transformer would also be installed to connect the BESS to the substation bus, which would deliver the power from 420 

the battery plant to the grid and would consume the power sent from the PV plant to the battery. On the other hand, a 421 

power plant controller (PPC) was installed to provide the settings to each inverter according to the analysis of 422 

operation that the system carries out at every instant at the plant (from a network analyser installed in a customer 423 
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substation busbar) and the signals it receives from the BYD BESS communications system [48]. To obtain the signals 424 

from each inverter, the plant has been provided with a fibre optic network to link the PPC with each inverter unit. 425 

First, to validate the BESS model, real installed BESS capacity (2 MWh) has been simulated and compared 426 

with real measurements from the power plant monitoring platform. Results are shown in Fig. 10. In this figure, except 427 

March, it can be observed quite similar results between simulation values and real measurements, which validates the 428 

presented model. Differences found for March are due to downtimes in the power plant as result of the BESS 429 

configuration. In annual terms, the difference of the energy delivered from the BESS between simulated values and 430 

real measurements is just 24.83 MWh·year-1, which means a deviation lower than 6% with the simulated curtailed 431 

energy (420.933 MWh·year-1). 432 

 433 

Fig. 10. Comparison between simulated results and real measurements for 2 MWh BESS installed capacity. Source: own elaboration. 434 

Applying the proposed method, described in the previous section, to the PV power plant under study, an 435 

optimal BESS capacity value of Copt = 6,655.352 kWh is obtained. It can be observed in Fig. 11 the evolution of the 436 

target function f(C,L) with the proposed BESS capacity C, and how an installed capacity value of Copt maximizes this 437 

function {max[f(C,L)]=0.4617}. Let’s notice that this proposed optimal value triples the intended value of 2 MWh.  438 

Table 1 summarizes the Cextra(C,L) and the Cachievement(C,L) values for both BESS installed capacities (intended 439 

and optimized). It can be seen that, although a 2 MWh of installed capacity shows a better Cachievement(C,L) value, the 440 

corresponding Cextra(C,L) value is significantly lower, which means an equivalent reduction in economic income. 441 

Table 1. Parameters evaluation for intended and optimized BESS installed capacity. Source: own elaboration. 442 

BESS capacity C [MWh] Cachievement [%] Cextra [%] 

2.00 84.11 37.30 

6.66 56.00 82.81 

 443 
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 444 

Fig. 11. Target function evolution with the BESS installed capacity. Source: own elaboration. 445 

From an economical point of view, considering the hypotheses that (i) the PV power plant can be operated 25 446 

years (common value for their useful lifespan), (ii) the Consumer Price Index (CPI) is set at 3%, (iii) the yearly 447 

growing rate of the electricity price can be considered at 5%, (iv) the price of the installed capacity in a BESS can be 448 

approximated to the Pb-acid technology, estimated in 120 $/kWh [51], and (v) given the average cost of electricity of 449 

0.145 $/kWh; the economic analysis is presented in Table 2. 450 

Table 2. Economic analysis of the BESS installation with optimal size. Source: own elaboration. 451 
Energy delivered 

[kWh·year-1] 

Cost of BESS 

[$] 

Incomings 

[$·year-1] 

IRR 

[%] 

Pay-back 

[years] 

NPV 

[$] 

348,574.62 798,600.00 50,543.32 7.49 13.35 1,194,354.00 

 452 

As it can be seen in Table 2, the optimal BESS sizing allows to obtain a pay-back time less than 14 years and 453 

an IRR of almost 7.5%, which is considered reasonable in the RES field. 454 

4.4 Validation of the operation strategy 455 

Finally, the aptitude of the BESS operation strategy has been simulated by using a Simulink® equivalent 456 

model. The aim of this test is to check the installed capacity behaviour under different scenarios and validate if the 457 

calculated Copt really optimizes the power plant operation.  458 

Simulating a PV power plant with the size characteristics like the one under study, would need long time 459 

periods of simulation as well as large computation resources. Due to the limitations in simulation time, temporary and 460 

size equivalents are established in such a way the simulation steps have been adjusted to a reasonable computation 461 

time. Then, a scaled model has been implemented. Thus, the developed model in Simulink® consists of a single-phase 462 

inverter with an incremental conductance MPPT integral controller, according to [52]. A PV array consisting of three 463 

strings of 7 panels model Trina Solar TSM 260 PD05, with 260 Wp peak power have been considered [53].  As 464 

inverter, a Solar River 6000 TL US Samil Power inverter was considered [54]. It is important to note that, while the 465 
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default inverter used in PV Simulink® models is a standard one, it has been tunned similar enough to the Solar River 466 

6000 TL US Samil Power inverter to validate the results regarding the BESS capacity. The resulting installed modules 467 

power was 5.45 kWp in a 5 kW inverter group. Accordingly, a value of 2 kW was considered as power delivery 468 

limitation. Fig. 12 shows both the characteristic curves of the PV modules [subfigure (a)] and the power inverter 469 

[subfigure (b)]. While de characteristic curves of the PV modules represent the output power of the module with the 470 

voltage, the characteristic curves of the power inverter represent the efficiency depending on the working load. It 471 

should be noticed that the power output of the PV modules depends directly on the solar irradiance, being the reference 472 

conditions, the standard conditions (with 1,000 W·m-2 of incident solar global irradiance). On the other hand, the 473 

power inverter efficiency depends on the voltage (210 V, 380 V and 500 V efficiency curves are provided) and 474 

maximum power conversion efficiency (around 97%) is provided in this model when the power load is the 60% of 475 

the inverter’s rated power. 476 

Fig. 13 show the current and power curves of the simulated PV field and their variation with the PV cell 477 

temperature (the higher the PV cell temperature, the lower the output voltage and power). MPPT algorithms are 478 

mandatory to make the PV field work at maximum power by regulating its voltage. 479 

  480 

(a)       (b) 481 

Fig. 12. Characteristic curves of (a) the solar PV module and (b) the power inverter. Sources: Trina Solar Limited and Samil Power Co. 482 

 483 

Fig. 13. Current and power curves of the simulated PV array with cell temperature. Source: own elaboration. 484 
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The simulation model in Simulink® was based on the one presented in [55], and available in the “Simscape 485 

Power Systems” package of the Simulink® sample library. Fig. 14 shows the block diagram of the implemented model, 486 

where in the top raw, the first block simulates the PV field array, the second a DC/DC converter which implements 487 

the increment inductance MPPT integral controller, third is the DC bus which models the power link with the BESS. 488 

Finally, fourth block is an AC/DC bidirectional inverter and the last block simulates the power load demand. On the 489 

bottom raw, the first block represents the BESS through a parametrized battery model, while the second block is a 490 

DC/DC bidirectional converter. All voltage converters have been modelled considering a conversion efficiency over 491 

90% and include PWM controllers.  492 

A controllable power load has been added to simulate the power delivery limitation when it exists. This load 493 

is controlled by a power switch commanded by an MPPT stabilizer according to the BESS response and that can be 494 

seen in detail in Fig. 15. As it can be seen in this figure, to keep the MPPT controller of the PV inverter stable, the 495 

load disconnection was associated with a 1 ms holder at the time of connection of the battery system. On the other 496 

hand, Fig. 16 shows the configuration of the BESS controller, where upstream flank stepped pulses were used in the 497 

battery power to avoid permanent oscillations around the tripping values. 498 

 499 

Fig. 14. Simulink® PV generation with BESS on DC bus model. Source: own elaboration. 500 

 501 

 502 

Fig. 15. MPPT stabilizer for BESS connection and power delivery limitation simulation. Source: own elaboration. 503 
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All the blocks employed in the simulation have been designed considering technical specifications as voltage 504 

range operation, input output power and efficiencies. The whole system has been designed considering the efficiency 505 

on each scenario, meaning the energy consumed on the reduced load due to considering the global efficiency for the 506 

whole system.  507 

 508 

Fig. 16. BESS controller system. Source: own elaboration. 509 

As it can be seen in Fig. 16, the BESS controller system operates in such a way that, when the PV power 510 

exceeds the limit, the surplus will be sent to the batteries. On the other hand, when the PV power is not sufficient to 511 

supply the load, the shortage will be complemented with available battery charge. If there is not enough capacity in 512 

the batteries, the priority will be to supply the load. This procedure is achieved by the simulation using inverter blocks 513 

which implement insulated gate bipolar transistor or IGBTs, whose trigger doors are controlled by pulse width 514 

modulated signals (PWM). The BESS controller is linked to BESS DC/DC bidirectional converter. 515 

Table 3 summarizes the descriptions of all the components used to model the system.  516 

Table 3. Model components description. Source: own elaboration. 517 
Component Type Description 

PV module Model block Simulink® library block. Fed by input data files. 

DC/DC converter Model block Simulink® library block. DC converter based on IGBTs. 

DC bus Model block Simulink® library block. DC bus for components connections. 

DC/AC converter Model block Simulink® library block. DC/AC converter based on IGBTs. 

Battery Model block Simulink® library block. Li-ion model. 

PWM Model block Simulink® library block. Pulse width modulator. 

MPPT Algorithm Simulink® library Algorithm. MPPT inverter controller. 

Battery controller Algorithm Simulink® library Algorithm. Battery controller. 

Load control Model block Simulink® self-defined block. Model load supply and battery control. 

Stabilizer control Model block Simulink® self-defined block. MPPT model stabilization control. 

Input data External file Radiation and temperature input data. 

 518 

As the integration step in the model must be Tsample = 5 µs, at the most, in order to keep the model stable, 519 

every second of simulation was considered as one hour of real time. Then, the BESS installed capacity and operation 520 

frequency must be scaled accordingly. Therefore, a scaled equivalent capacity for the BESS has been considered in 521 

the model 3,600 times smaller (as 1 kW·s in the simulation represents 1 kW·h in the real system). Considering the 522 

optimum capacity to be 4 kWh in the represented Simulink® system, simulated BESS size has to be set to 1.1 Wh. 523 

Moreover, bearing in mind that the Simulink® battery model has a nominal voltage of 200 Vdc and a current capacity 524 

of 40 Ah, the resulting storage capacity of 8 kWh must be scaled. Hence, in order to simulate the optimal BESS size, 525 

the equivalent SOC percentage variation will be 0.014% in the model. The BESS starts from a 79.32% SoC. 526 
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Finally, Fig. 17 shows three samples of the traces corresponding to the three different PWM signals involved 527 

in the simulation. Subfigure (a) represents the PWM control signals of the implemented BESS controller being BESS 528 

signal 1 the controller of the series IGBT and BESS signal 2 the controller of the parallel IGBT, subfigure (b) the 529 

PWM pulses of the DC/DC power converter (output of the MPPT controller), and subfigure (c) includes the PWM 530 

signals of the 4 IGBTs for the voltage conversion from DC to AC in the single-phase inverter. 531 

 532 

Fig. 17. Simulated PWM traces: (a) BESS controller, (b) DC/DC power converter and (c) DC/AC power inverter. Source: own elaboration. 533 

Three representative radiation days were chosen to run the simulation scenarios, including only daylight hours. 534 

Input data files were average hourly irradiance and ambient temperature values which are linearly interpolated in the 535 

simulation. A total of 49 real time hours have been simulated including one very low radiation conditions day, one 536 

average radiation conditions day and high radiation conditions day. On the other hand, variables evolution during the 537 

simulation are registered by employing scope tools from the Simulink® libraries. 538 

Once that the simulations have been properly configured, a first simulation without BESS is run in order to 539 

verify the model. In this scenario, all generated power is injected and accepted by the external power grid. Therefore, 540 

power loads and BESS were removed from the model. However, the bi-directional power inverter, the DC bus circuit 541 

with a snubber circuit, and the harmonic and choke filters were maintained in the model. Moreover, the MPPT 542 

controller was replaced by the one developed in [52].  543 

Then, three BESS scenarios were simulated. Scenario 1 includes the optimal calculated BESS size (4.12 kWh 544 

for the Simulink® case), while scenarios 2 and 3 implement double the optimal calculated BESS size and the half of 545 

the optimal size, respectively. Figures in Appendix A show the simulation results (power values and main parameters 546 

values) while Table 4 summarizes the parameter values achieved for each scenario considering the three representative 547 

days simulated in a row. 548 

Table 4. Simulink model parameters results. Source: own elaboration. 549 

Scenario 
BESS size 

[kWh] 

Δ SoC 

[%] 

Power 

delivery 

limit [kW] 

Cachievement [%] Cextra [%] f(C,L) [-] 

1 (opt) 4.12 0.014 2 57.06 97.71 0.5575 

2 (double) 8.00 0.028 2 29.20 100 0.2920 

3 (half) 2.00 0.007 2 64.12 54.89 0.3519 
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The results provide evidence that the surplus energy coefficient (Cextra) is approximately 100% for scenario 1 550 

and exactly 100% for scenario 2, meaning that the optimal calculated BESS size allows the minimization of curtailed 551 

energy. On the other hand, the achievement coefficient (Cachievement) is significantly higher in the first scenario than in 552 

the second one. Moreover, the third scenario with BESS size being the half of the calculated optimum shows a slightly 553 

better value for the achievement coefficient than the first scenario but very low Cextra value, meaning a very reduced 554 

capacity to recover curtailed energy (especially during the third simulation reference day). 555 

Appendix A shows the results of the simulation of the three proposed scenarios, showing both BESS power, 556 

PV generation power (Figs. A1, A3 and A5) and power load curves, and BESS voltage, current and SoC (Figs. A2, 557 

A4 and A6. In the first set of figures, positive power values mean energy injected to the power grid while negative 558 

power values mean surplus energy stored by the BESS.  559 

Furthermore, each one of the three graphs which are shown on each figure in the appendix show three different 560 

parts corresponding to the three simulated irradiance conditions (reference days). 561 

It must be remembered that the power load curve (third graph in Figs. A1, A3 and A5) simulates a constant 562 

power load set at 2 kW which must be fed from the generated solar PV power and the BESS system if necessary and 563 

it represents the power delivery limitation to the external power grid. When the available generation power (sum of 564 

the PV power and the BESS power) is below this limitation, the power load is adjusted to the generation power value. 565 

On the other hand, it must be noticed that BESS current and SoC curves in Figs. A2, A4 and A6 show opposite 566 

evolutions noting that discharging currents are considered positive and charging currents negative. 567 

Looking into the graphs in the top of Figs. A1, A3 and A5 it can be seen that the BESS is fully 568 

charged/discharged (a BESS cycle is completed) for the first and second reference days, but for the third one, BESS 569 

available capacity it is not enough to absorb all the generation surplus and then, some energy is curtailed. 570 

From the total solar PV generation potential of 55 kWh for the three simulation days, considering a power 571 

grid delivery limitation of 2 kW, the proposed optimal BESS size (4 kWh) is able to recover up to 15.5 kWh of 572 

potential curtailed energy due to power delivery limitations, which means an efficiency improvement of 28.18% of 573 

the initial solar PV power plant without energy storage. 574 

Finally, the implemented Simulink® model in this paper has been also validated with real measurements at 575 

the laboratories of the Electrical and Electronic Engineering Department (DIEE) of the Spanish National University 576 

for Distance Education (UNED). Found discrepancies with the computer simulations laid within a 3.5% margin of 577 

error, which means that simulations have been conducted with high accuracy. Found differences can be attributed to 578 

some secondary simplifying assumptions adopted within the model formulation. 579 

5. DISCUSSION 580 

According to the proposed optimization method, it was found that for a real PV power plant, with an installed 581 

rated power of 10.2 MW, and with a delivery limitation up to a nominal power of 7.5 MW, the optimal BESS capacity 582 

value must be 6.6 MWh. Bearing in mind that a capacity of 2 MWh was initially considered by the power plant 583 

owners, it outstands the significant difference between both proposed BESS sizes. However, results show that 584 

considering 6.6 MWh of nominal BESS capacity size allows to reach an extra energy injected to the grid up to 1.5-585 

fold during the expected useful lifespan of the power plant, considering that an average use of around 50% is 586 

technically acceptable for the use of the BESS capacity. 587 

As shown in the Results section, there is a difference of around 6% between the extra production calculated 588 

by means of the proposed optimal design and that calculated as the difference between the two simulated scenarios 589 
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(with and without power delivery limitation). This deviation can be understood as a consequence of the fitting curves 590 

when abrupt variations occur. It should therefore be noted at this point that there is a limitation to the procedure 591 

adjustment to estimate production curves with abrupt variations, limited by the maximum suitable polynomial degree. 592 

For abrupt changing external conditions scenarios, discrete integration methods are then preferable. 593 

Although for March, August and November monthly production deviations can be observed between the real 594 

measurements and the simulation results (due to Meteonorm® provides averaged and normalized irradiation data, 595 

which is not strictly achieved when just a single year of measurements are considered), the results are considered 596 

representative as the simulations provide good fitting values in the higher production months (when the BESS will be 597 

mainly required). 598 

It should be remarked that the proposed method is restricted to power export limitations and, therefore, it is 599 

not applicable in those cases in which the scope of a BESS is different, e.g., in those cases where the aim is to provide 600 

an isolated installation of PV solar energy with a required degree of autonomy. In this case, the calculation would be 601 

obtained by simply estimating daily consumption and the required days of autonomy. On the other hand, the presented 602 

method is feasible for the optimal design of self-consumption systems without needs of a net surplus compensation 603 

tariff, e.g., PV power plants with a constant power load demand profile during the central hours of the day (12 h 604 

range), which want to adapt the typical bell shape of the PV generation to the rectangular shape of the power demand 605 

profile. 606 

As stated in the Introduction section, a wide literature for optimal BESS sizing can be found, however the 607 

power delivery limitation approach is not commonly considered. In [34], an algorithm is provided to determine a 608 

BESS capacity value that minimizes the operating costs of a PV power plant, defined load, BESS, and grid 609 

characteristics. Similarly, in [56] an algorithm is provided for an optimal microgrid operation. However, these systems 610 

work in such a way that, if the power supply system fails to satisfy the load demand (considering the PV generation 611 

and the available energy in the BESS), the system will purchase the necessary energy from the external power grid. 612 

If there is a power surplus, it will be stored in the BESS with the possibility to sell it during the most convenient rate 613 

period. The procedure designs an algorithm that aims to find a unique critical value of the battery size such that the 614 

total cost of the system remains the same if the battery size is larger than or equal to the selected value, and the cost 615 

is strictly larger if the battery size is smaller than that needed for the selected capacity value. A similar study is 616 

performed in [57], where the specific regulation frame of Germany is considered, and the system is analysed from an 617 

economical point of view. A new approach to find the optimal size is presented in [58], where multiple scenarios are 618 

analysed with different PV power and BESS capacities looking for the one that minimal electricity costs presents. The 619 

procedure proposed in this paper considers an overall system achievement coefficient that interacts in the calculation 620 

of optimal capacity. Furthermore, given its easiness, it is highly adaptable to any scenario and hence exportable.  621 

Barsali [36] provides a probabilistic method for the sizing a BESS aimed at improving the integration of PV 622 

and V2G systems into the public grid which guarantees (from a statistical point of view) the operation of the grid 623 

within acceptable voltage and frequency levels in those cases in which possible investments are conditioned by 624 

government initiatives. Our work starts out from the idea of generating an expectation of a rapid return on investment 625 

and generation of profit, regardless of government initiatives, and it is based on the already existing feed-in tariff. In 626 

[59], a sizing calculation method is established for a specific case on the island of Reunion, obtaining a MWh to MWp 627 

ratio that minimizes the difference between the accumulated capacity and the deviation originated by PV production 628 

and load demand. It thus seeks to approximate the BESS capacity at the value that makes PV production meet load 629 

demand. In [60] the BESS location is analysed for saving grid load peaks. The scope is to avoid equipment grid 630 

oversizing; the system will work in order to meet the load with the generation. In our case, we seek a value that 631 

maximizes the extra energy obtained conditioned by high achievement, without considering the existing grid load, 632 

which is considered as an unlimited capacity. 633 
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6. CONCLUSIONS 634 

The main objective of this paper is to provide an optimization tool for sizing BESS capacity for RES (solar 635 

PV in the proposed scenarios) when power delivery limitations exist. It has been proved that the developed software 636 

tools in VBA predict actual PV power plant behaviour accurately enough and the calculated optimal BESS capacity 637 

fulfils established criteria. Moreover, it may be concluded that installing BESS extra capacity allows to reduce 638 

curtailed energy and a 30% more energy can be injected yearly to the power grid, although it implies a 15% reduction 639 

in the achievement coefficient.  640 

The BESS operation has been moreover validated by Simulink® based simulations, where the BESS capacity 641 

size fulfils the expectations regarding the maximization of the defined objective function when the proposed method 642 

is applied. Therefore, it is evidenced that the optimized capacity provides the minimization of the curtailed energy, 643 

maintaining an achievement coefficient high enough (which indirectly optimizes the system costs and the BESS 644 

operation conditions). Thus, the BESS capacity sizing following the proposed method allows to provide the maximum 645 

energy recovered without the need of an excessively oversized storage system, which is the main innovation of this 646 

work and which is worth of interest of RES power plant owners and designers.  647 

It should be noted that the target function can be adapted to other technical or economic criteria. Moreover, 648 

the proposed method will serve as the basis for the analysis of the economic model of this sort of power plants, where 649 

the installation of a BESS is planned to improve production and increase profits. 650 

According to the findings reported in the Simulations and Results section, for a power plant with completely 651 

different parameters from the one used to describe the method, it has been proved that the calculated optimum capacity 652 

fits perfectly the target conditions in the three simulated. It hence follows that the method is exportable to different 653 

sizes and operating facilities. 654 

Although an economic analysis taking into maintenance costs, the energy sales prices, a detailed investment 655 

costs analysis or LCOE evaluation has been reserved for future works, the proposed key factors Cextra and Cachievement 656 

allows a feasible comparison of different BESS installations. Other related proposed research works are: the 657 

development and implementation of other integration techniques with better performance under abrupt changing 658 

irradiation conditions, hardware implementation of the BESS controller, implementation of adaptive control for BESS 659 

with load management capabilities or the analysis of the potential benefit of using BESS for reduced AC rated power 660 

installations. 661 

Finally, the main advantages and disadvantages of the proposed method are summarised in Table 5. 662 

Table 5. Main advantages and disadvantages of the proposed optimal BESS size method. Source: own elaboration. 663 
Advantages Disadvantages 

The calculation method can be applied to systems of any topology. The method is intended to optimize BESS size under power 

grid delivery limitations. 

Fully customizable and configurable. It should be managed by experts in Microsoft Excel® and 

PVsyst® software, or their equivalents. 

Specific software (involving high economic costs) are not needed. The optimization is strictly technical and does not consider 

economic criteria directly. 

It is affordable not only from common PV power plants design 

software, such as Microsoft Excel® and PVsyt® software, but also 

for any other with similar features. 

The method is not provided in a “all in one” software pack, 

and need to be implemented with multiple software platforms. 

The method allows to perform the main basis criteria to calculate 

the optimal BESS independently to the RES generation type. 

 

 664 

  665 
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APPENDIXES 666 

Appendix A. Simulink model results. 667 

 668 

Fig. A1. Simulation results of power evolution in the optimum scenario. Source: own elaboration. 669 

 670 

Fig. A2. Simulation results of the evolution of the main battery values in the optimum scenario. Source: own elaboration. 671 
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 672 

Fig. A3. Simulation results of power evolution in the double-optimum scenario. Source: own elaboration. 673 

  674 

Fig. A4. Simulation results of the evolution of the main battery values in the double-optimum scenario. Source [34] 675 
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 676 

Fig. A5. Simulation results of power evolution in the half-optimum scenario. Source: own elaboration. 677 

 678 

Fig. A6. Simulation results of the evolution of the main battery values in the half-optimum scenario. Source: own elaboration.  679 
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