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Highlights

 An optimum sizing ratio interval benefiting in both energy and economy is proposed

 The clipping effect of undersized inverter is interpreted 

 An accurate inverter efficiency model is used and assessed

 Inverter characteristics affected AC output more than sizing ratio

 1% degradation rate and 20-year lifetime lead to a 10% rise of optimum sizing ratio
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9 Abstract
10 The optimum sizing ratio of the photovoltaic (PV) array capacity, compared to the nominal inverter input 
11 capacity, was determined in grid-connected PV (GCPV) systems from two points of view: energetic and 
12 economic. The optimum ratio was determined by both empirical and analytical approaches, and based on 
13 two PV arrays connected to their inverters, plus three simulated inverters. 

14 The flatness of the optimum-energy region due to the inverter characteristics was decreased when 
15 economic factors were taken into account. The energetic and economic optimum sizing intervals were 
16 defined as the sizing regions causing less than 1% losses from their corresponding optimum points. 
17 Subsequently, a compound optimum sizing interval was proposed to maximise the energy injected to the 
18 grid and minimise economic costs simultaneously. The results showed that the GCPV system with lower 
19 specific DC power generation (kWDC/kWp) and inverter/module cost ratio presented a wider interval (1.12–
20 1.25) than the interval (1.17–1.19) of the system with higher specific DC power generation and cost ratio, for 
21 all the analysed inverters. Finally, the optimum sizing ratio was completed by considering a PV module 
22 degradation rate of 1%/year, which resulted in a 10% increase in the optimum sizing ratio for a 20-year 
23 lifetime.

24 Keywords: Grid-connected photovoltaic; Poly-Si; PV/inverter sizing ratio; Inverter characteristic 

25 1. Introduction
26 Solar photovoltaic (PV) energy is a renewable energy source that is clean and environmentally friendly. In 
27 2016, the globally installed PV capacity increased by 75 GWp, leading to a cumulative capacity of 303 GWp 
28 [1]. A well-designed grid-connected PV (GCPV) system with optimally sized inverter(s) contributes to 
29 continued PV penetration. The optimum relationship between the peak power of the GCPV system (PPV,P ) 
30 and the nominal power of the connecting inverter (Pinv,N), has been an object of analysis. The common 
31 expression of the sizing ratio (RS) is:

32 . (1)𝑅𝑆 =
𝑃𝑃𝑉,𝑃

𝑃𝑖𝑛𝑣,𝑁

33 When 0 < RS < 1, the inverter is oversized. For RS > 1, the inverter is undersized, and occasionally encounters 
34 the clipping effect, which is due to the power limitation leading to a flattening effect on the daily production 
35 profile of the system [2]. In this study, the direct current (DC) RS is evaluated.
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36 With regard to the optimum energetic sizing ratio (RS,E
opt), Camps et al. claimed that simulation studies were 

37 more abundant than experimental ones [3]. These extensive studies have been carried out from either the 
38 physical or technological aspects of the GCPV system. The physical aspects involve variables like location [4–
39 6], mounting type [7], and orientation and inclination [8,9], as well as temperature and irradiance [7]. 
40 Technological aspects refer to the PV technology [9], inverter efficiency [10], sun tracking system [11], and 
41 sampling interval [5,12]. These simulations are almost straightforward programming, while others are based 
42 on complex artificial intelligence algorithms [13–15].

43 Due to the inverter characteristics, RS,E
opt can span a wide interval [11]. Kil and Weiden, in a study conducted 

44 in Portugal and Netherlands, reported that there was only a 0.5% output energy variation when RS ranged 
45 from 1.05 to 1.54 [16]. Macedo and Zilles verified that RS between 0.98 and 1.82 did not significantly affect 
46 the GCPV system’s final yields in Brazil [17]. Both the simulation and emulation procedures conducted by 
47 Camps et al. in Barcelona (Spain) confirmed that the final yields experienced a reduction of less than 3% for 
48 an alternating current (AC) RS ranging 1.00–1.24 [3]. Peippo and Lund verified the flatness around RS,E

opt, and 
49 stated that deviations of ±20% from RS,E

opt commonly resulted in only 2% energy loss [10]. These studies 
50 suggested an optimum interval instead of a fixed optimum size value to facilitate pre-design of GCPV 
51 systems.

52 Furthermore, there are fewer studies based on the economic aspect than on energetic considerations to 
53 investigate the optimum sizing ratio. Ramli et al. considered unmet load, excess electricity, fraction of 
54 renewable electricity, net present cost, and carbon dioxide emissions to assess optimal sizing of the GCPV 
55 system in Saudi Arabia [18]. Chen et al. computed the maximum savings for the optimum inverter size with 
56 considerations of PV incentives and electricity rates in nine locations in the USA [19]. However, these 
57 economic criteria are country dependent due to different socioeconomic structures. Mondol et al. and 
58 Peippo and Lund suggested two more general and simple economic criteria for GCPV system sizing 
59 optimisation, namely, the annual energy output per system investment cost (CC) and the energy output per 
60 annualized investment cost (CA) [10,11]. Analogously, RS depending on these two economic criteria (CC and 
61 CA) should have an optimum interval, because CC and CA are related to the energy output as well. 

62 2. Materials and methods

63 2.1. Grid-connected photovoltaic systems description

64 A 21.77-kWp grid-connected roof-standing solar plant has been in operation [20] since December 2012 at 
65 ETSIAAB (Madrid, Spain, 40.4426° N, 3.7295° W). This solar GCPV plant includes a larger field composed of 
66 polycrystalline silicon (poly-Si) modules, and a smaller field with three arrays of three different technologies, 
67 viz., poly-Si, amorphous silicon, and cadmium telluride. In this study, we have focused on the two systems 
68 based on poly-Si technology, hereinafter referred to as System 1 from the smaller field and System 2 from 
69 the larger one. The details of these two systems are shown in Table 1. All the modules are mounted in an 
70 open-rack structure with a 30° tilt angle and oriented with an azimuth angle of 3° (i.e., almost south-facing).

71 Table 1. Main characteristics of the GCPV analysed systems.

System 1 System 2
PPV,P (kW) 1.61 16.83
Pinv,N  (kW) 1.32 15.34
RS 1.22 1.10
Inverter max. efficiency (%)/Euro-eta (%) 92.1/90.9 98.1/97.7
Cell type Poly-Si Poly-Si
Recording interval (min) 15 15
Performance degradation rate (%/year) 1 1
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72 2.2. Actual power estimation at power limitation points  

73 The inverters of the two GCPV systems are undersized, which means that the peak power of the two PV 
74 arrays is higher than their respective inverters’ nominal capacity. The RS values are 1.22 and 1.10 for System 
75 1 and 2, respectively (Table 1). One reason for installing an undersized inverter is that the standard test 
76 conditions (STC: irradiance of 1000 W/m2 for a solar spectrum of AM1.5G and module temperature 25 °C) 
77 are hard to reach in certain areas, resulting in lower actual generated power than its STC power [21]. 

78 An undersized inverter clips the power output and blurs the actual power at high insolation conditions, as 
79 shown in Fig. 1. When the power limitation is reached, the inverter forces the PV array to increase its 
80 operating voltage instead of working at the maximum power point voltage (Vmp), thus reducing the 
81 maximum power point current (Imp) and maximum power (Pmp).

82
83 Fig. 1. Effect of in-plane irradiance (Gi), ambient temperature (Ta), and power limitation on maximum power (Pmp), 
84 operating current (Imp), and voltage (Vmp) of System 1 on 25 August 2016.

85 For both GCPV systems, a data acquisition system integrated in the inverter centre measured and recorded 
86 the DC and AC power output data as well as the power limitation events. During the one-year period, System 
87 2 seldom met the power limitation, whilst approximately 13% of the records in System 1 were affected by 
88 power limitation. The objective of this work is to define optimum inverter sizing of GCPV systems. Due to the 
89 more undersized inverter of System 1, a model has been applied to simulate the power in the inverter 
90 clipping areas in order to obtain comparative results between the two systems. This model includes two 
91 sub-models to simulate Imp and Vmp separately. 

92 The sub-model for Imp was extracted from the work by King et al. [22]:

93 , (2)𝐼𝑚𝑝 = 𝐼𝑚𝑝0·(𝐶0·𝐸𝑒 + 𝐶1·𝐸2
𝑒)·(1 + 𝛼𝑚𝑝·(𝑇𝑐 ‒ 𝑇0))

94 where Ee is the effective irradiance, defined as the ratio of the irradiance measured by the PV cells to the 
95 total irradiance incident on the module; Imp0 is the Imp at STC, which is provided by the manufacturer; Tc (°C) 
96 is the PV cell temperature inside module and in this study it was assumed to equal the back-of-module 
97 temperature; αmp (°C-1) is the temperature coefficient of current; C0 and C1 are empirical parameters 
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98 obtained from Sandia National Laboratory module database; and T0 is the standard back-of-module 
99 temperature, and equals 25 °C. 

100 The sub-model for Vmp was obtained through linear regression (Eq. (3)) on one year of Vmp and Tc filtered 
101 measurements. The filtering criteria include: 1. Power limitation points were excluded in cases where Vmp 
102 increased abnormally in the clipping area (see Fig. 1), 2. Data were excluded when the irradiance varied 
103 from the maximum to the minimum for more than 10% of the 15-min recording interval.

104 .   (3)𝑉𝑚𝑝 = 206.5·(1 ‒ 0.0045·(𝑇𝑐 ‒ 25))
105 The maximum power prediction model was built by combining the two sub-models, Eq. (2) and Eq. (3):

106 . (4)𝑃𝑚𝑝 = 𝐼𝑚𝑝·𝑉𝑚𝑝

107 This power model (Eq. (4)) was validated by a series of tests at solar noon with high irradiance (G > 900 
108 W/m2). These tests were conducted with a Solar-4000 I-V curve tracker during April–November 2016. A 
109 high degree of conformity was obtained (see Fig. 2), i.e., the measured and simulated results were very close, 
110 with a root mean squared error (RMSE) (Eq. (5)) of 1.42%.

111 , (5)𝑅𝑀𝑆𝐸(%) =
100·

1
𝑁∑(𝑚𝑖 ‒ 𝑠𝑖)

2

𝑚𝑖

112 where mi is the ith measured value and si is the ith simulated value, N is the number of samples, which 
113 herein equals 117, and  is the average of the measured values.𝑚𝑖

114 In order to maintain most of the original DC power profile of System 1, only the abovementioned 13% of 
115 records encountering the power limitation were replaced by their corresponding values calculated using Eq. 
116 (4). Hereinafter, the investigation on RS of System 1 is based on the mixing data profile, i.e., 13% simulated 
117 and 87% original.  

118

119 Fig. 2. Comparison of measured and simulated maximum power values at high-irradiance solar noon for System 1.

120 2.3. Inverter efficiency and AC energy output model

121 Solar inverter conversion efficiency is a function (Eq. (6)) of the actual partial load (Pmp(t)/Pinv,N), neglecting 
122 the dependency on the inverter input voltage [13,23].
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123 ,  (6)𝜂(𝑃𝑚𝑝(𝑡)) = 𝑏0·
𝑃𝑖𝑛𝑣,𝑁

𝑃𝑚𝑝(𝑡) + 𝑏1 + 𝑏2·
𝑃𝑚𝑝(𝑡)
𝑃𝑖𝑛𝑣,𝑁

124 where b0 is the constant normalised self-consumption loss coefficient, b1 is the linear efficiency coefficient, 
125 and b2 is the coefficient for losses proportional to the square of the output power [10].

126 The parameters were determined by least-squares fitting (LSF) of the efficiency curve points from the 
127 database of PVsyst® v.6.4.7 (Fig. 3). In addition, based on the work by Peippo and Lund [10], three sets of bi 
128 coefficients (b0, b1, b2) were selected to represent the generic high-, medium-, and low-efficiency inverters 
129 (Table 2). Hereinafter, inverters 1, 2, and 3 refer to the high-, medium-, and low-efficiency inverters, 
130 respectively.  

131

132 Fig. 3. Least-Squares fittings (LSFs) of the inverter’s efficiency as a function of partial load based on PVsyst® v.6.4.7 
133 inverter database.

134 Table 2. Characteristics of three simulated inverters, from Peippo and Lund (1994a), and the two actual inverters of the 
135 analysed solar plant, obtained through LSF. 

b0 b1 b2

High efficiency (inverter 1) -0.35% 99.50% -1.00%
Medium efficiency (inverter 2) -2.00% 97.50% -8.00%
Low efficiency (inverter 3) -5.00% 91.50% -15.00%
System 1 (SMA SB 1200) -1.00% 94.30% -4.00%
System 2 (SMA 15000TL) -0.26% 98.70% -1.10%

136

137 Subsequently, the AC power output of an inverter is expressed as Eq. (7), which is derived from Eq. (6) by 
138 three DC-power input regimes. When Pmp is lower than the switch-on power (Pmin) of the inverter, there is 
139 neither power output nor standby losses from the GCPV system. Once there is insolation, the inverter starts 
140 to operate based on Eq. (6) until Pmp is higher than Pinv,N. Then, the input of the inverter (or the DC power 
141 output of the PV array) is limited at Pinv,N. In other words, the input power above the inverter input capacity 
142 is rejected [9,10]. 

143                                                  𝑃𝐴𝐶(𝑃𝑚𝑝(𝑡),𝑃𝑖𝑛𝑣,𝑁) = 𝜂(𝑃𝑚𝑝(𝑡))·𝑃𝑚𝑝(𝑡)

144 = , (7) { (𝑏0 + 𝑏1 + 𝑏2)·𝑃𝑖𝑛𝑣,𝑁,                            𝑃𝑚𝑝(𝑡) > 𝑃𝑖𝑛𝑣,𝑁

(𝑏0·
𝑃𝑖𝑛𝑣,𝑁

𝑃𝑚𝑝(𝑡) + 𝑏1 + 𝑏2·
𝑃𝑚𝑝(𝑡)
𝑃𝑖𝑛𝑣,𝑁

)·𝑃𝑚𝑝(𝑡),  𝑃𝑚𝑖𝑛 ≤ 𝑃𝑚𝑝(𝑡) ≤ 𝑃𝑖𝑛𝑣,𝑁

0,                                                                    𝑃𝑚𝑝(𝑡) < 𝑃𝑚𝑖𝑛 
�
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145 where Pmin is assumed to be 0 in this study.

146 The AC annual energy output (EAC) of the two GCPV systems as a function of various RS or Pinv,N was obtained 
147 using an empirical method (Method 1) and an analytical method (Method 2).

148 Method 1 uses one-year measurements of Pmp(t) to calculate EAC:

149 , (8)𝐸𝐴𝐶 = ∑𝑃𝐴𝐶(𝑃𝑚𝑝(𝑡),𝑃𝑖𝑛𝑣,𝑁)·∆𝑡

150 where Δt is the recording interval of 15 min.

151 Method 2 uses an analytical method proposed by Demoulias [23], including the concept of the DC power 
152 duration curve (PDC) and its linear fitting. The PDC is defined as the curve that shows the aggregate time 
153 percentage in a period during which the DC power is larger than or equal to a certain value. The 
154 mathematical derivation of this analytical method is presented in the Appendix.

155 Then, two economic criteria mentioned by Mondol et al. and Peippo and Lund are used to investigate the 
156 related economic optimum sizing ratios [10,11]. The first one, CC (kWh/€), is defined as the ratio of annual 
157 energy output to the system’s initial investment cost:

158 , (9)𝐶𝐶 = ( 𝐸𝐴𝐶

𝑅𝑃𝑉·𝑃𝑃𝑉,𝑃 + 𝑅𝑖𝑛𝑣·𝑃𝑖𝑛𝑣,𝑁
)

159 where RPV is the overall initial cost of the array (excluding the inverter cost) per PV-array watt-peak (€/Wp) 
160 and Rinv is the inverter cost per watt-peak (€/Wp).

161 The second one, CA (kWh/€), refers to the annual energy output per annualised investment cost with the 
162 considerations of PV module (LPV) and inverter (Linv) lifetime:

163 , (10)𝐶𝐴 = ( 𝐸𝐴𝐶

𝐶𝑅𝐹𝑃𝑉·𝑅𝑃𝑉·𝑃𝑃𝑉,𝑃 + 𝐶𝑅𝐹𝑖𝑛𝑣·𝑅𝑖𝑛𝑣·𝑃𝑖𝑛𝑣,𝑁
)

164 where CRF is the capital recovery factor:

165  (11)𝐶𝑅𝐹𝑃𝑉 =
𝐼

1 ‒ (1 + 𝐼)
‒ 𝐿𝑃𝑉

166 , (12)𝐶𝑅𝐹𝑖𝑛𝑣 =
𝐼

1 ‒ (1 + 𝐼)
‒ 𝐿𝑖𝑛𝑣

167 where I is the real interest rate.

168 Through the mathematical derivation of EAC detailed in the Appendix, the two corresponding optimum sizing 
169 ratios (RS,C

opt, RS,A
opt) are obtained as the solutions of the first-order derivatives for these two economic 

170 criteria:

171  (13)�𝑑𝐶𝑐

𝑑𝑅𝑆
|

𝑅𝑜𝑝𝑡
𝐶

= 0

172 . (14)�𝑑𝐶𝐴

𝑑𝑅𝑆
|

𝑅𝑜𝑝𝑡
𝐴

= 0

173 3. Results and discussion

174 3.1. Annual efficiency of high-, medium-, and low-efficiency inverters

175 Inverter annual efficiency is plotted against RS in Fig. 4 for the high-, medium-, and low-efficiency inverters. 
176 These curves were generated from one-year measurements Pmp(t) (referred to as Method 1 in section 2.3) 
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177 for System 1 (dashed line) and System 2 (solid line). In a rather wide range of RS from 0.8 to 1.1, the annual 
178 efficiencies are approximately constant. The major advantage of a high-efficiency inverter is that it features 
179 a wider optimum sizing range without affecting the annual efficiency significantly. 

180 On the other hand, the annual efficiency discrepancy between System 1 and System 2 does not emerge until 
181 RS is higher than 1 in high- and medium-efficiency inverters, whilst the discrepancy in the low-efficiency 
182 inverter decreases until RS equals 1, and subsequently increases. 

183 Although Fig. 4 was obtained by the empirical Method 1, it can be mathematically interpreted in the light of 
184 the inverter characteristics and the different power duration curves (Fig. 5) of the two systems. From the 
185 mathematical derivation included in the Appendix (Method 2), the inverter annual efficiency can be 
186 expressed as:

187 𝜂 =
𝐸𝐴𝐶

𝐸𝐷𝐶
   

188    (15)= 2·( 𝑃𝑃𝑉,𝑃

𝑅𝑆·𝑃𝑚𝑎𝑥,𝐿
·𝑏0 +

𝑃𝑚𝑎𝑥,𝐿·𝑅𝑆

3𝑃𝑃𝑉,𝑃
·𝑏2) + 𝑏1, (𝑅𝑠 ≤

𝑃𝑃𝑉,𝑃

𝑃𝑚𝑎𝑥,𝐿
) 

189 . (16)   = 2·
𝑃𝑃𝑉,𝑃

𝑃𝑚𝑎𝑥,𝐿·𝑅𝑆
·(𝑏0 + 𝑏1 + 𝑏2) ‒

𝑃 2
𝑃𝑉,𝑃

𝑃𝑚𝑎𝑥,𝐿
2·𝑅2

𝑆

·(𝑏1 +
4𝑏2

3 ), (𝑅𝑠 >
𝑃𝑃𝑉,𝑃

𝑃𝑚𝑎𝑥,𝐿
)

190 When RS varies from 0.4 to PPV,P/Pmax,L (this ratio is typically approximately 1), the inverter annual efficiency 

191 is expressed by Eq. (15). Its first addend, , is smaller than the other constant 2·( 𝑃𝑃𝑉,𝑃

𝑅𝑆·𝑃𝑚𝑎𝑥,𝐿
·𝑏0 +

𝑃𝑚𝑎𝑥,𝐿·𝑅𝑆

3𝑃𝑃𝑉,𝑃
·𝑏2)

192 addend b1, especially for the high- and medium-efficiency inverters, resulting in a flat efficiency curve in this 
193 RS range. For medium-efficiency inverters, the first addend is less than 3.5% and b1 is 97.5%. For high-
194 efficiency inverters, the first addend is less than 2% and b1 is 99%. However, for low-efficiency inverters, b1 is 
195 only 91.5%. Thus, there is a slight difference between two systems because of the characteristics of PDCs 
196 (Fig. 5), i.e., PPV,P/Pmax,L.

197 However, when RS is higher than (PPV,P/Pmax,L), the annual efficiency is expressed by Eq. (16). The increasing 
198 RS results in a steep drop in the annual efficiency curve; meanwhile, the characteristics of PDCs (Fig. 5), i.e., 
199 PPV,P/Pmax,L, lead to a higher discrepancy between System 1 and System 2. 

200

201 Fig. 4. Annual inverter efficiency as a function of sizing ratio for high-, medium- and low-efficiency inverters. Dashed line: 
202 System 1; Solid line: System 2.  
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203

204 Fig. 5. Power duration curves and linear fittings of (a) System 1 and (b) System 2 from July 2015 to June 2016.

205 3.2. Monthly AC energy and energetic optimum sizing ratios

206 The monthly PDCs (solid blue lines) of System 2 for one year are depicted in Fig. 6, together with the 
207 corresponding linear fittings (dashed orange lines). The linearities of the monthly PDCs ranged from the 
208 worst case (Jan. 2016, with the lowest R2 and highest RMSE) to a relatively better case (Mar. 2016, with the 
209 maximum R2 and lowest RMSE), which are detailed in the last two columns of Table 3. 

210 The two abovementioned methods are assessed by the comparisons between the monthly energy produced 
211 by System 2 (Table 3). EAC0, EAC1, and EAC2 are the AC energy generated by System 2, simulated by Method 1, 
212 and simulated by Method 2, respectively. ΔE1 is the relative error between EAC0 and EAC1 ((EAC0 – EAC1)/ EAC0), 
213 and ΔE2 is the relative error between EAC0 and EAC2 ((EAC0 – EAC2)/ EAC0). The rather low ΔE1 (annual value of 
214 0.6%) confirms the validation of Method 1, or the inverter power output model (Eq. (7)). However, EAC2 is 
215 slightly overestimated, as seen from Table 3. These errors in Method 2 occurred mostly in winter months, 
216 featuring worse linearities of PDC and lower irradiance (e.g., from Dec. 2015 to Feb. 2016). This result 
217 suggests that the application of Method 2 to calculate EAC in low-irradiance regions, like northern Europe, 
218 might be less efficient. 

219 The next two columns of Table 3 are the monthly RS,E
opt values obtained by Method 1 (RS,E1

opt) and Method 2 
220 (RS,E2

opt), respectively. Both RS,E
opt values are characterised with a similar seasonal trend: higher values in cold 

221 and low-irradiance seasons; lower values in hot and high-irradiance seasons. This seasonal trend indicates 
222 that the GCPV systems at low-irradiance sites need a more undersized inverter than those exposed to high 
223 irradiance, to achieve better performance.
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224   

225

226 Fig. 6. Monthly DC power duration curves (solid blue lines) and linear fittings (dashed orange lines) during the period 
227 from Jul. 2015 to Jun. 2016, for System 2.

228 Table 3. The monthly generated and simulated system energy output (EAC), together with energetic optimum sizing ratio 
229 (RS,E

opt) by Method 1 and Method 2. R2 and RMSE are the fitness parameters of the monthly power duration curves’ 
230 linear fittings.  

Month EAC0

(kWh)
EAC1

(kWh)
EAC2

(kWh)
ΔE1

(%)
ΔE2

(%)
RS,E1

opt RS,E2
opt R2 RMSE

(x100%)
Jul.2015 2844 2831 2867 0.46 -0.81 0.97 0.93 0.98 0.12
Aug.2015 2990 2975 3004 0.50 -0.47 0.93 0.90 0.98 0.10
Sep.2015 2467 2456 2482 0.45 -0.61 0.94 0.91 0.99 0.09
Oct.2015 1624 1611 1641 0.80 -1.05 1.09 1.03 0.98 0.12
Nov.2015 1842 1829 1876 0.71 -1.85 1.03 0.98 0.96 0.15
Dec.2015 1401 1394 1449 0.50 -3.43 1.27 1.19 0.95 0.19
Jan.2016 834 829 881 0.60 -5.64 1.19 1.21 0.90 0.31
Feb.2016 1794 1784 1854 0.56 -3.34 1.04 0.99 0.95 0.19
Mar.2016 2380 2357 2398 0.97 -0.76 0.94 0.90 0.99 0.08
Apr.2016 2364 2348 2448 0.68 -3.55 1.02 0.96 0.95 0.18
May 2016 2555 2540 2624 0.59 -2.70 1.08 1.02 0.96 0.16
Jun.2016 3030 3014 3065 0.53 -1.16 0.97 0.93 0.98 0.11
Annual 26125 26099 26703 0.60 -2.21 1.01 0.96 0.98 0.12

231 3.3. Compound optimum sizing intervals

232 EAC, CC, and CA as a function of RS and inverter type are shown in Fig. 7, where the results are generated by 
233 Method 1 (orange dashed line) and Method 2 (blue solid line). Fig. 7a represents System 1, and Fig. 7b 
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234 represents System 2. The economic inputs for calculating CC and CA are described in Table 4, where the two 
235 financial terms RPV and Rinv are the actual cost of the ETSIAAB PV plant. Table 5 summarises the three sizing 
236 ratios obtained by Method 1. 

237 Table 4. Economic parameters used for calculating CC and CA.

System 1 System 2

Array cost1 (RPV) (€/Wp) 3 3

Inverter cost (Rinv) (€/Wp) 1 0.5

Real interest rate (I) (%) 5 5

Lifetime of PV module (LPV) (years) 20 20

Lifetime of inverter (Linv) (years) 10 10

238 1 GCPV system overall cost, excluding inverter.

239 All the curves in Fig. 7 have similar shapes in both systems, although the results of Method 2 are slightly 
240 overestimated, with RMSE values smaller than 4%. 

241 The low sensitivities (i.e., the flatness of the curves as a function of RS) of EAC around RS,E
opt are noticeable 

242 from Fig. 7 and Table 5. The values within brackets are the sizing ratio ranges corresponding to the 1% 
243 variation of EAC from the maximum point calculated by Method 1. The low sensitivities were also reported in 
244 the works of Camps et al. [3], as well as Peippo and Lund [10]: both groups of researchers suggested defining 
245 an optimum sizing interval for RS,E

opt instead of focusing on the precise value. 

246 Regarding the terms CC and CA, the convexities of their curves around the respective optimum sizing ratios 
247 (RS,C

opt and RS,A
opt) increase compared to EAC, owing to the additional constraints and relevance to obtain the 

248 two terms. Their 1% variation ranges are narrower than the range of EAC, as shown in Table 5. Subsequently, 
249 a combination from the energetic and economic considerations is proposed to define the optimum interval 
250 of RS. That optimum interval is the overlap region of the three optimum sizing ranges at the last columns—
251 RS,I

opt—of Table 5 .

252 This compound optimum sizing ratio interval (RS,I
opt) has benefits in terms of both energy and economic yield. 

253 It is able to mitigate the dispute between policy makers and investors. Concretely, a policy maker would 
254 desire as much energy being injected to grid as possible from the GCPV system, therefore he/she would 
255 prefer a higher-capacity inverter (compared to the inverter with the highest economic benefit). On the 
256 contrary, the first priority of an investor would presumably be cost reduction with its subsequent financial 
257 benefit; thus, he/she would adopt a lower-capacity inverter (compared to the energetic-benefit inverter). 

258 The different PDCs affect the compound optimum interval more than the type of inverter. It is seen in Table 
259 5, where System 2 features a wider RS,I

opt (1.12–1.25) and System 1 a narrower one(1.17–1.19). 

260 Accounting for the comparison between System 1 and System 2 in Table 5, from the energetic aspect, RS,E
opt 

261 values of System 2 are higher than those of System 1 due to the lower specific DC power output, as shown in 
262 Fig. 5. Therefore System 2 needs a more undersized inverter to achieve a better energetic performance. 
263 However, from the economic considerations, the higher Rinv of System 1 requires an inverter with higher RS 
264 (or more undersized) to improve CC, resulting in higher RS,C

opt values than those of System 2. Analogously, the 
265 higher Rinv value leading to a higher replacement cost of the inverter of System 1 intensifies the necessity of 
266 a further undersized inverter to maximise CA. 
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267

268

269 Fig. 7. Annual energy output (EAC), the annual energy output per system investment cost (CC), and the energy output per 
270 annualised investment cost (CA) as a function of sizing ratio for different inverters in (a) System 1 and (b) System 2; the 
271 dashed orange line is generated by Method 1, whereas the solid blue line corresponds to Method 2.

272 Table 5. Optimum sizing ratios (energetic optimum sizing ratio (RS,E
opt), economic optimum sizing ratio (RS,C

opt) based on 
273 system investment cost, economic optimum sizing ratio (RS,A

opt) based on annualised system investment cost) and the 
274 optimum intervals (RS,I

opt) generated by Method 1. The values within brackets are the sizing ratio range corresponding to 
275 the 1% variation from the maximum point.

RS,E
opt RS,C

opt RS,A
opt RS,I

opt

System 1 Inverter 1 0.97 (0.40–1.20) 1.24 (1.12–1.36) 1.29 (1.18–1.44) 1.18–1.20
System 1 Inverter 2 0.95 (0.62–1.18) 1.23 (1.10–1.36) 1.29 (1.17–1.44) 1.17–1.18
System 1 Inverter 3 1.01 (0.79–1.19) 1.23 (1.11–1.36) 1.29 (1.17–1.44) 1.17–1.19
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System 1 SMA SB 1200 0.95 (0.56–1.19) 1.23 (1.12–1.36) 1.29 (1.17–1.44) 1.17–1.19
System 2 Inverter 1 1.09 (0.41–1.25) 1.22 (1.08–1.34) 1.25 (1.13–1.38) 1.13–1.25
System 2 Inverter 2 0.99 (0.64–1.23) 1.21 (1.07–1.33) 1.25 (1.12–1.37) 1.12–1.23
System 2 Inverter 3 1.08 (0.82–1.24) 1.21 (1.07–1.33) 1.25 (1.12–1.37) 1.12–1.24
System 2 SMA 15000TL 1.01 (0.40–1.25) 1.22 (1.08–1.34) 1.25 (1.13–1.38) 1.13–1.25

276

277 3.4. Optimum sizing ratio as a function of degradation rate 

278 For investment decisions, the degradation rate (Rd) of the PV module is of great importance, as it affects the 
279 lifetime energy generation of the GCPV system [24,25]. The effects of Rd on the economic parameters CC and 
280 CA can be obtained by simply analysing the effect on EAC, as the denominators in Eq. (9) and Eq. (10) will not 
281 be altered with the inclusion of Rd.

282 With the consideration of Rd, Table 6 summarises the three optimum sizing ratios, which is based on the 
283 following hypothesis:

284 - Rd is a constant of 1%/year and the period considered is 20 years;
285 - Inverter conversion efficiency remains constant during its lifetime;
286 - The DC energy profile from July 2015 to June 2016 is taken as the first operating year.

287 The three parameters RS,E
opt, RS,C

opt, and RS,A
opt, as well as their intervals, have a relative increase of 10%, 

288 compared with Table 5. As the DC annual energy decreases yearly by 1% in the 20-year period, the inverter 
289 should be smaller to maximise the lifetime AC output.

290 Table 6. Three optimum sizing ratios (energetic optimum sizing ratio (RS,E
opt, Rd), economic optimum sizing ratio (RS,C

opt,Rd) 
291 based on system investment cost, economic optimum sizing ratio (RS,A

opt,Rd) based on annualised system investment cost) 
292 and the optimum intervals (RS,I

opt,Rd) generated by Method 1 with degradation rate. The values inside brackets are the 
293 sizing ratio range corresponding to the 1% variation from the maximum point.

RS,E
opt, Rd RS,C

opt, Rd RS,A
opt, Rd RS,I

opt, Rd

System 1 Inverter 1 1.05 (0.42–1.30) 1.36 (1.21–1.51) 1.42 (1.28–1.59) 1.28–1.30
System 1 Inverter 2 1.04 (0.68–1.29) 1.35 (1.21–1.50) 1.42 (1.28–1.58) 1.28–1.29
System 1 Inverter 3 1.11 (0.87–1.30) 1.35 (1.21–1.50) 1.42 (1.28–1.58) 1.28–1.30
System 1 SMA 1200 1.03 (0.62–1.29) 1.35 (1.21–1.50) 1.42 (1.28–1.58) 1.28–1.29
System 2 Inverter 1 1.13 (0.45–1.36) 1.32 (1.16–1.47) 1.37 (1.22–1.52) 1.22–1.36
System 2 Inverter 2 1.09 (0.71–1.34) 1.31 (1.15–1.46) 1.36 (1.21–1.51) 1.21–1.34
System 2 Inverter 3 1.16 (0.90–1.35) 1.32 (1.16–1.47) 1.36 (1.22–1.51) 1.22–1.35
System 2 SMA 15000TL 1.11 (0.40–1.35) 1.32 (1.16–1.47) 1.37 (1.22–1.52) 1.22–1.36

294 3.5. Discussion 

295 The main contribution of this study is a pre-design procedure for GCPV systems equipped with optimum-
296 sized inverter(s), with the consideration of PV module degradation rate. The aim is to increase energy 
297 production and reduce capital cost. 

298 Owing to technology innovation, current inverters feature improved efficiencies, especially at partial loads. 
299 The simulated low-efficiency inverter (inverter 3), and even medium-efficiency inverters (inverter 2 and SMA 
300 SB 1200 of System 1), are non-existent in large-scale commercial and utility GCPV systems. This is one reason 
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301 to choose the high-efficiency inverter (inverter 1) and the SMA 15000TL inverter of System 2, of which the 
302 efficiency is more than 97%. They could stand for the common inverters used by large GCPV systems. One 
303 important result of comparing SMA SB1200 and SMA 15000TL is that the high-efficiency inverter has a wider 
304 energetic optimum sizing range than the lower-efficiency inverter. 

305 For a large GCPV system, the optimum inverter sizing ratio or range would differ, as the sizing ratio is 
306 affected by the DC power output of the PV system, the characteristics of the connected inverter, and the 
307 GCPV system capital cost. 

308 For the pre-design of a GCPV system with an optimum-sized inverter, the first step is to construct the DC 
309 power profile (power duration curve stated in the study) using a proper power model with inputs of local 
310 climate data. For a large-scale commercial or utility PV plant with a capacity of 1 MW or higher, the main 
311 difference with the smaller systems analysed here is the power profile, due to the higher energy losses and 
312 possibility of mismatch among other factors. Subsequently, based on the DC power duration curve and 
313 adopting the simulated inverter type (low-, medium-, or high-efficiency inverter stated in this study) 
314 characteristics, Method 2 offers a proper inverter sizing range; the realistic inverters are then selected based 
315 on this range. However, the realistic inverter’s characteristics could be different from those of the simulated 
316 inverter type. Finally, the validation of the realistic inverter could be justified through recalculation by 
317 Method 1 or Method 2.

318 Despite the substantial cost reductions for the technical components of GCPV systems (Rpv + Rinv) in recent 
319 years, the ratio (RPV /Rinv) is in the range of 6 for commercial GCPV systems to 10 for utility GCPV systems in 
320 2016 [26,27]. In this study, the ratio (RPV /Rinv) of System 2 is 6. Accordingly, these cost reductions only 
321 decrease the CC and CA values, while the stable cost ratio (RPV /Rinv) resulted in a similar sizing ratio and 
322 interval. However, if this ratio moves towards a higher value, representing a lower inverter cost proportion, 
323 the optimum inverter sizing ratio could become smaller as the inverter cost becomes less important. 

324 4. Conclusions
325 Optimum inverter sizing intervals have been studied for two poly-Si GCPV systems (with inverter input 
326 capacities of 1.32 and 15.34 kW). The study utilises measured DC power output profiles through a simplified 
327 inverter efficiency model and an analytical method. The following conclusions can be drawn:

328 For the pre-design of a GCPV system, PV modules’ degradation rates should be considered. With respect to 
329 the first year, assuming a 20-year lifetime and a module degradation rate of 1%/year, both the optimum 
330 sizing ratio and the optimum interval experience an increase of 10%.

331 Annual inverter efficiency remaining at its maximum over a wide sizing ratio range was due to the inverter 
332 characteristics, among which the loss coefficients were much smaller than the linear efficiency coefficient. 
333 The improvement of inverter efficiency along with technical innovations intensified this parameter’s 
334 resistance to sizing ratio variation within a wide range, which facilitated the adoption of proper inverter 
335 capacity from the energy point of view. However, once economic factors were taken into account, the 
336 optimum sizing ratio interval would shrink due to additional constraints, such as module price and lifetime. 

337 A compound optimum sizing ratio interval is proposed to maximise the energy yields and to reduce capital 
338 costs. The different DC power profiles and investment costs had a greater effect on the compound interval 
339 than the inverter type. The GCPV system with lower specific power generation and inverter cost exhibited a 
340 wider interval (1.12–1.25) than the system with higher specific power generation and inverter cost (1.17–
341 1.19).
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342 The annual AC energy output (EAC), calculated by the inverter power output model, was close to the 
343 measured value, with a 0.6% annual error. However, the analytical method yielded a 2.2% overestimation of 
344 the annual EAC. The analytical method performed worse in winter months, suggesting it might be less 
345 efficient in low-irradiance regions. Meanwhile, due to the low power generation of GCPV systems in low-
346 irradiance regions, the optimum sizing ratio would be higher for them than for the systems operating in 
347 high-irradiance regions.
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353 Appendix
354 The DC power is described by the following equation, which is the linear fitting of PDC (Fig. 8):

355 ,  (17)𝑃𝑚𝑝(𝑡) = 𝐴·𝑡 + 𝑃𝑚𝑎𝑥,𝐿

356 where Pmax,L is the maximum value of PDC’s linear fitting. EAC is calculated for two distinct cases due to the 
357 different inverter capacities (Pinv,N) by using Eq. (17) and Eq. (7). The first case is Pinv,N > Pmax,L. The second 
358 case is Pinv,N < Pmax,L.

359  

360 Fig. 8. Power duration curve and its linear fitting for System 1, from Jul. 2015 to Jun. 2016.

361 When PINV,N ≥ Pmax,L, EAC can be expressed as: 

362 𝐸𝐴𝐶 = ∫𝑇
0𝑃𝑚𝑝(𝑡)·𝜂(𝑃𝑚𝑝(𝑡))·𝑑𝑡 

363          . (18)= [ ‒
𝑃𝑚𝑎𝑥,𝐿

𝐴 ·(𝑏0·𝑃𝑖𝑛𝑣,𝑁 +
𝑏1

2 ·𝑃𝑚𝑎𝑥,𝐿 +
𝑏2·𝑃𝑚𝑎𝑥,𝐿

2

3·𝑃𝑖𝑛𝑣,𝑁 )]·Ttotal

364 For maximum EAC:

365 . (19)� 𝑑𝐸𝐴𝐶

𝑑𝑃𝑖𝑛𝑣,𝑁
|

𝑃 𝑜𝑝𝑡
𝑖𝑛𝑣,𝑁

= [ ‒
𝑃𝑚𝑎𝑥,𝐿

𝐴 ·(𝑏0 ‒
𝑏2·𝑃𝑚𝑎𝑥,𝐿

2

3·𝑃 2
𝑖𝑛𝑣,𝑁

)]·Ttotal = 0

366 The optimum inverter capacity is:

367  . (20)𝑃 𝑜𝑝𝑡
𝑖𝑛𝑣,𝑁 = 𝑃𝑚𝑎𝑥,𝐿·

𝑏2

3𝑏0
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368 Note that, in this case, the fact that Pinv,N ≥ Pmax,L results in : |b2| ≥ 3|b0|, otherwise, .𝑃 𝑜𝑝𝑡
𝑖𝑛𝑣,𝑁 = 𝑃𝑚𝑎𝑥,𝐿

369 When Pinv,N < Pmax,L, the inverter´s annual energy output can be expressed as: 

370 𝐸𝐴𝐶 = ∫𝑇
0𝑃𝑚𝑝(𝑡)·𝜂(𝑃𝑚𝑝(𝑡))·𝑑𝑡

371         = ∫𝑇2
𝑇1𝑃𝑚𝑝(𝑡)·𝜂(𝑃𝑚𝑝(𝑡))·𝑑𝑡 + 𝑃𝑖𝑛𝑣,𝑁·𝑇1·𝜂(𝑃𝑖𝑛𝑣,𝑁)

372 , (21)= [𝑃 2
𝑖𝑛𝑣,𝑁·

𝑏1
2 +

2𝑏2
3

𝐴 ‒
𝑃𝑚𝑎𝑥,𝐿·𝑃𝑖𝑛𝑣,𝑁·(𝑏0 + 𝑏1 + 𝑏2)

𝐴 ]·Ttotal

373 and the optimum inverter capacity is:

374  (22)� 𝑑𝐸𝐴𝐶

𝑑𝑃𝑖𝑛𝑣,𝑁
|

𝑃 𝑜𝑝𝑡
𝑖𝑛𝑣,𝑁

= [2𝑃𝑖𝑛𝑣,𝑁·

𝑏1
2 +

2𝑏2
3

𝐴 ‒
𝑃𝑚𝑎𝑥,𝐿·(𝑏0 + 𝑏1 + 𝑏2)

𝐴 ]·Ttotal = 0

375 . (23)𝑃 𝑜𝑝𝑡
𝑖𝑛𝑣,𝑁 =

𝑃𝑚𝑎𝑥,𝐿·(𝑏0 + 𝑏1 + 𝑏2)

𝑏1 +
4𝑏2

3

376 In this case, Pinv,N should be smaller than Pmax,L, resulting in : |b2| < 3|b0|, otherwise, .𝑃 𝑜𝑝𝑡
𝑖𝑛𝑣,𝑁 = 𝑃𝑚𝑎𝑥,𝐿
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