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11 Abstract
12 The determination of optimal illumination conditions in buildings is of great interest both 

13 for reducing energy consumption and for exploiting solar resources with greater 

14 efficiency and sustainability. The most commonplace method of estimating daylight is 

15 the luminous efficacy approach, using the more widely measured solar irradiance. In this 

16 present study, a new model of diffuse luminous efficacy over a horizontal surface is 

17 proposed. A comparative study of twenty-two classic models is presented, to obtain 

18 diffuse illuminance, using both, the original mathematical models and the adapted 

19 models with local coefficients, in order to determine the most suitable models for Burgos, 

20 a city located in north-western Spain. With this purpose in mind, twelve models are 

21 selected for all sky conditions, five models for modelling clear sky, two for partly cloudy 

22 sky, and three for overcast sky. These twenty-two models are then compared with the 

23 new model both for all sky conditions and for particular sky conditions (clear, partly 

24 cloudy, and overcast). The behaviour of the new model showed greater accuracy than 

25 most of the classic models under analysis. Hence, the advantage of the diffuse luminous 

26 efficacy model that can be applied both to all sky and to particular sky conditions.

27
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31
Nomenclature 

Perez’s coefficients𝑎𝑖, 𝑏𝑖, 𝑐𝑖, 𝑑𝑖:  Mean Bias Error 𝑀𝐵𝐸: (%)

: cloud ratio or sky ratio or diffuse fraction𝐷  number of data𝑛:

 horizontal beam irradiance 𝐸𝑏ℎ: (𝑊/𝑚2) coefficients of the new model𝑝0, 𝑝1, 𝑝2, 𝑝3: 

 horizontal diffuse irradiance 𝐸𝑑ℎ: (𝑊/𝑚2)  Root Mean Square Error 𝑅𝑀𝑆𝐸: (%)

 horizontal global irradiance 𝐸𝑔ℎ: (𝑊/𝑚2)  three-hourly surface dew point temperature 𝑇𝑑: (º𝐶)

 normal incidence direct irradiance 𝐼: (𝑊/𝑚2)  atmospheric precipitable water 𝑊: (𝑐𝑚)

extraterrestrial irradiance 𝐼0: (𝑊/𝑚2) : measured variable𝑋𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

 diffuse luminous efficacy 𝐾𝑑: (𝑙𝑚/𝑊) : predicted variable𝑋𝑚𝑜𝑑𝑒𝑙

 ratio of diffuse to extraterrestrial irradiance𝐾𝐷:  solar zenith angle 𝑍: (𝑟𝑎𝑑)

 clearness index𝐾𝑡:  solar altitude angle 𝛼: (𝑟𝑎𝑑)

 horizontal beam illuminance 𝐿𝑏ℎ: (𝑙𝑢𝑥)  sky brightness∆:

 horizontal diffuse illuminance 𝐿𝑑ℎ: (𝑙𝑢𝑥)  sky clearness𝜀:

 horizontal global illuminance 𝐿𝑔ℎ: (𝑙𝑢𝑥) relative heaviness of overcast sky: 

  relative optical airmass𝑚:

32

33 1. Introduction
34 Maximization of natural lighting coupled with sustainable and ecological development for 

35 the reduction of energy consumption are now essential building design strategies [1]. 

36 Bearing these aims in mind, artificial light should be used to complement daylight, in 

37 order to maintain rather than increase energy demand [2]. When considering the design 

38 of energy efficient buildings, which rely on daylight, and efficient sizing of both cooling 

39 and heating systems, quantitative information is necessary on the levels of illumination 

40 and solar irradiance received on surfaces with different inclinations. Horizontal 

41 illuminance data, among many other uses, are of particular importance for the study and 

42 the development of solar roofs and skylights. Illuminance data processed by specialized 

43 software for interior lighting calculations [3], will provide more sustainable, healthy, and 

44 energy efficient buildings; natural lighting in buildings will therefore contribute to 

45 energetic and environmental objectives. However, illuminance is not an easily measured 

46 parameter, since the number of facilities devoted to illuminance measurements is scarce 

47 compared to those available for radiance measurements. An alternative method to 

48 increase illuminance data is through the use of luminous efficacy. Once the ratio of 

49 luminance to irradiance (i.e. luminous efficacy ), is known, then the measured  (Kd)

50 irradiance values can be converted to illuminance values as defined by (Edh) (Ldh) 

51 Equation (1).

52
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Kd =
Ldh

Edh
     (lm/W) (1)

53

54 Over the past few years, there has therefore been a tendency to develop luminous 

55 efficacy models that are based on experimental irradiance measurements, from which 

56 the illuminance data can then be obtained.

57 In this present study, twenty-two classic models from the literature are reviewed and 

58 tested for the city of Burgos (Spain) using both the original form, proposed by the authors 

59 of these models, and their local adaptation to the place under study. Traditional statistical 

60 indicators RMSE (%) and MBE (%) were used to classify the models and to determine 

61 their accuracy. Data measurements over one year and nine months were used in this 

62 study (one year to obtain the local coefficients of the models and nine months for their 

63 validation). In addition, a new model to predict diffuse horizontal illuminance to the sky 

64 conditions of the city of Burgos is proposed in this present study. This new model is 

65 analysed for all sky conditions and for particular sky conditions (clear, partly cloudy, and 

66 overcast), showing improved illuminance prediction over most of the twenty-two 

67 previously tested models.

68 The study will be structured as follows: First a literature review of classic models will be 

69 conducted in Section 2. Then, in Section 3, the experimental meteorological facility and 

70 the data used for the study will be described. In Section 4, the diffuse luminous efficacy 

71 models on horizontal surfaces that are reviewed in this work will be presented. The 

72 results of benchmarking the twenty-two luminous efficacy models under review will then 

73 be discussed in Section 5. The new model will be proposed in Section 6 for the area 

74 under study and compared with the other models under review. In Section 7, validation 

75 of both the new model and the twenty-two luminous efficacy models will be presented 

76 and, finally, the main conclusions of this study will be outlined.

77

78 2. Literature review
79 Various studies on the analysis of diffuse luminous efficacy have been developed, 

80 among which those of Pérez et al. [4] should be mentioned. Those authors proposed 

81 different models to analyse global, diffuse, and beam luminous efficacy for all sky 

82 conditions, as a function of the atmospheric precipitable water content, the sky 

83 brightness, and the zenith angle. Their models were developed from experimental 

84 measurements in geographical locations around the USA and Europe with different 

85 weather conditions [4]. Chung proposed another interesting model [5] to measure 
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86 luminous efficacy in Hong Kong. The model he developed is applicable to different sky 

87 types, which are classified according to the cloud ratio or sky ratio, defined as the ratio 

88 between horizontal diffuse irradiance and horizontal global irradiance [5]. Lam and Li 

89 also developed luminous efficiency models with constant values for the city of Hong 

90 Kong [6]. The sky classification that these authors employed was based on the clearness 

91 index ), defined as the ratio between global and extraterrestrial irradiance [7]. (𝐾𝑡

92 Likewise, the research of Muneer and Kinghorn [8] proposed a diffuse luminous efficacy 

93 model for five UK stations where the clearness index was shown to be the main 

94 parameter influencing both global and diffuse luminous efficacy.

95 Further studies, such as those of Robledo and Soler [9] developed luminous efficacy 

96 models from irradiance and illuminance measurements for Madrid (Spain). These 

97 authors employed two independent variables, solar altitude and sky brightness. Their 

98 models produced better predictions for clear skies than other models, developed by the 

99 same authors, which only employed solar altitude as independent variable. However, 

100 they recommended the simplified model for partly cloudy sky and overcast sky, which 

101 only takes account of sky brightness [9]. In contrast, the work of Ruiz et al. [10] showed 

102 the suitability of both the Muneer and the Kinghorn models [8] to determine the diffuse 

103 luminous efficacy in Madrid (Spain). Moreover, Ruiz et al. also developed and evaluated 

104 other models based on that of Muneer and Kinghorn [8]. In addition, the same authors 

105 showed that using the ratio between diffuse and extraterrestrial irradiance  improved (𝐾𝐷)

106 the diffuse luminous efficacy prediction, compared with the results generated with the 

107 clearness index [10].

108 In turn, Souza and Robledo [11] evaluated the luminous efficacy models proposed by 

109 Muneer and Kinghorn [8], Chung [5], Ruiz et al. [10], and Robledo and Soler [9] in the 

110 city of Florianapolis (Brazil). They showed that when using local optimized coefficients 

111 for Florianapolis, the model of Robledo and Soler [9] provided better statistical results 

112 and was at the same time the model that best predicted the behaviour of the luminous 

113 efficacy values for all solar altitudes. In another work, Souza and Robledo [11] evaluated 

114 several models specifically obtained for clear skies and showed that the results of these 

115 models were no better than those obtained with all sky models when used to estimate 

116 illuminance for clear sky [11]. Other authors used a constant value to model the diffuse 

117 luminous efficacy: De Rosa el al. [12] proposed a constant value for all sky, clear sky, 

118 intermediate, and overcast sky conditions in Arcavacata di Rende (Italy) and compared 

119 those values with others from Geneva (Switzerland), Vaulx-en-Velin (France), Bratislava 

120 (Slovakia), and Osaka (Japan). Likewise, Cucumo et al. [13] employed a constant value 

121 of 127.41 lm/W to predict the diffuse luminous efficacy for all sky conditions in 

122 Arcavacata di Rende (Italy). These authors compared their approach with the results of 
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123 other models in the literature and concluded that the use of a constant value to estimate 

124 diffuse luminous efficacy is valid as an initial estimation of diffuse illuminance [13]. Fakra 

125 et al. [14] offers a further example, estimating an average diffuse luminous efficacy value 

126 of 139.98 lm/W for Saint-Pierre (Reunion Island). The study likewise examined different 

127 indices to classify the sky types. Among their results, the authors pointed out that the 

128 diffuse fraction was the most appropriate index to define the sky types for that 

129 geographical location [14]. Those authors also observed that the luminous efficacy 

130 values remained constant during the day, but varied significantly at sunrise and sunset, 

131 as a function of solar altitude. This fact may be used to explain the deviations that exist 

132 when a constant value is employed to model luminous efficacy [14]. Another constant 

133 value for modelling diffuse luminous efficacy was proposed by Azad et al. [15], who 

134 suggested a value of 121.8 lm/W for New Delhi (India).

135 Mayhoub and Carter [16] analysed the luminous efficacy values at ten geographical 

136 locations in both Europe and North Africa. They proposed three luminous efficacy 

137 models. The first model was based on the solar altitude, the second one employed both 

138 the solar altitude and the cloud amount, and the third model employed the sky clearness 

139 index. They likewise affirmed that the statistical performance of the first model was better 

140 than the other two and had the additional characteristic of simplicity [16].

141 Further studies such as those of Kong and Kim [17] determined the diffuse luminous 

142 efficacy at Yongin (South Korea) by using the solar altitude, the relative optical air mass, 

143 the sky brightness, and the clearness index as their independent variables. They also 

144 compared their proposed model with other luminous efficacy models in the bibliography, 

145 mentioning that better statistical results were provided by the model of Muneer and 

146 Kinghorn [8] at this geographical location [17]. In turn, in a study by Patil et al. [18], the 

147 luminous efficacy models of Perez et al. [4], Muneer and Kinghorn [8], and Littlefair [19] 

148 were analysed . The models were locally evaluated with experimental data from six 

149 stations, covering different climatic conditions in India. Those authors mentioned in their 

150 results that the model of Perez et al. was the best from among the three models 

151 discussed in their study [18]. Finally, in the study of Chaiwiwatworakul and 

152 Chirarattananon [20] a diffuse luminous efficacy model was proposed for Bangkok 

153 (Thailand) for all sky conditions, as a function of the sky clearness and the zenith angle 

154 values.

155

156 3. Daylight diffuse illuminance and solar diffuse irradiance measurements
157 A meteorological and radiometric facility, shown in Figure 1, was used to collect the 

158 experimental data used in this present study. This equipment was placed on the roof of 

159 the Higher Polytechnic School building at Burgos University (Spain), (latitude and 
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160 longitude: 42°21′04″N and 3°41′20″W), located at 856 m above mean sea level as shown 

161 in Figure 2.

162

163
164 Figure 1. Experimental Equipment

165

166
167 Figure 2. Burgos (Spain) (42°21′04″N; 3°41′20″W; 856 m above mean sea level)

168

169 Temperature, wind velocity and direction, atmospheric pressure, humidity and rainfall 

170 were measured. Moreover, global, beam, and diffuse horizontal irradiance (𝐸𝑔ℎ, 𝐸𝑏ℎ, 𝐸𝑑ℎ) 

171 , and illuminance data (  were all recorded [21]. Class 1 Hukseflux SR11 𝐿𝑔ℎ, 𝐿𝑏ℎ, 𝐿𝑑ℎ) 

172 pyranometers and an EKO ML020SO Luxmeter were employed to measure irradiance 

173 and illuminance data. The facility includes a SONA201D All Sky Camera Day and a MS-

174 321LR sky scanner, both from EKO. The experimental data were recorded on a 

175 CAMPBELL CR3000 datalogger. These experimental data were measured, from 1st April 
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176 2017 to 31st March 2018, with a sampling time of thirty seconds. Average values were 

177 recorded every 10 minutes, for determination of the diffuse luminous efficacy models. 

178 The same experimental procedure was followed between 1st April 2018 and 31st 

179 December 2018, in order to measure the data for testing the models. The experimental 

180 values of , and were analysed and filtered using traditional quality 𝐸𝑔ℎ, 𝐸𝑏ℎ, 𝐸𝑑ℎ 𝐿𝑔ℎ, 𝐿𝑏ℎ, 𝐿𝑑ℎ 

181 criteria [22].

182

183 4. Diffuse luminous efficacy models on horizontal surfaces
184 The twenty-two classic luminous efficacy models analysed in this present study 

185 encompass models that use solar altitude as their only independent variable, models 

186 that employ other parameters such as sky brightness, sky clearness, diffuse fraction, 

187 zenith angle and clearness index, and models that propose a constant value for 

188 modelling luminous efficacy. Moreover, the models analysed in this study are applied 

189 either to particular sky conditions (clear sky, partly cloudy sky, and overcast sky) or to all 

190 sky conditions.

191

192 The models under review are presented in two ways: either by using the original 

193 coefficients given by their authors or adapted to local conditions. The previously 

194 described experimental data were used to calculate the local coefficients of the model. 

195 The data were fitted with non-linear least squares method using the Matlab™ R2018b fit 

196 function.

197

198 4.1. Perez et al. model (1990)
199 Perez et al. [4] modelled diffuse luminous efficacy with Equation (2), where  𝑎𝑖, 𝑏𝑖, 𝑐𝑖, 𝑑𝑖

200 are the original coefficients of the model shown in Table 1(a). The local adaptation of 

201 these coefficients to the city of Burgos, is presented in Table 1(b). In this model,  is the 𝑊

202 atmospheric precipitable water content, which may be obtained from Equation (3),  is 𝑍

203 the solar zenith angle, and  is the sky brightness, which can be obtained from 

204 Equation (4).

205

𝐾𝑑 = 𝑎𝑖 + 𝑏𝑖𝑊 + 𝑐𝑖cos (𝑍) + 𝑑𝑖ln (∆) (𝑙𝑚/𝑊) (2)

206

𝑊 = 𝑒(0.07𝑇𝑑 ― 0.075) (3)

∆ =
𝐸𝑑ℎ ∗ 𝑚

𝐼0
(4)
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207 Perez el al. classified the different sky types by using the sky clearness parameter, which 

208 is shown in Equation (5), where  for  in radians [4]. 𝑘 = 1.041 𝑍

209

𝜀 = [(𝐸𝑑ℎ + 𝐼)/𝐸𝑑ℎ + 𝑘𝑍3]/[1 + 𝑘𝑍3] (5)

210
Table 1. Perez et al. model (1990)

a) Original diffuse luminous efficacy 
coefficients

b) Local diffuse luminous efficacy 
coefficients for Burgos, Spain

 𝜀
category

Lower 
bound

Upper 
bound 𝑎𝑖 𝑏𝑖 𝑐𝑖 𝑑𝑖 𝑎𝑖 𝑏𝑖 𝑐𝑖 𝑑𝑖

1 1.000 1.065 97.24 -0.46 12.00 -8.91 100.65 1.66 0.41 -8.75

2 1.065 1.230 107.22 1.15 0.59 -3.95 100.29 3.23 -12.62 -14.39

3 1.230 1.500 104.97 2.96 -5.53 -8.77 89.80 4.50 -20.54 -26.82

4 1.500 1.950 102.39 5.59 -13.95 -13.90 94.27 3.67 -28.53 -28.39

5 1.950 2.800 100.71 5.94 -22.75 -23.74 111.36 3.10 -37.40 -20.99

6 2.800 4.500 106.42 3.83 -36.15 -28.83 86.01 4.16 -25.01 -27.07

7 4.500 6.200 141.88 1.90 -53.24 -14.03 138.24 3.02 -35.73 -7.28

8 6.200 --- 152.23 0.35 -45.27 -7.98 143.04 2.94 -28.65 -2.97

211

212 4.2. The Chung model (1992)
213 This model uses the sky ratio or diffuse fraction  to classify the sky types. The diffuse (𝐷)

214 fraction is defined as the ratio of horizontal diffuse irradiance over horizontal global 

215 irradiance, as shown in Equation (6). This author classifies the sky conditions as clear 

216 , partly cloudy , and overcast  [5]. Table 2 shows the (𝐷 < 0.3) (0.3 < 𝐷 < 0.8) (𝐷 > 0.8)

217 models and their corresponding adaptation to the city of Burgos.

218

𝐷 =
𝐸𝑑ℎ

𝐸𝑔ℎ
(6)

219

220 Table 2. Chung model equations for modelling diffuse luminous efficacy,  , and for the different 𝐾𝑑 (𝑙𝑚/𝑊)

221 sky conditions. The original coefficients were calculated from the experimental data recorded at Hong Kong. 

222 The locally adapted coefficients were calculated from the experimental data recorded at Burgos, Spain.

Original 
model

𝐾𝑑 = 137

Clear sky Locally 

adapted 

model
𝐾𝑑 = 126.609

Overcast 
sky

Original 
model 𝐾𝑑 = (102.2 + 0.67𝛼 ― 0.0059𝛼2) ∗ (1.18 ― 8.7 ∗ 10 ―4 + 9.3 ∗ 10 ―7 2)
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Locally 

adapted 

model
𝐾𝑑 = (101.340 + 14.113𝛼 ― 10.079𝛼2) ∗ (1.140 ― 3.45 ∗ 10 ―4 + 2.44 ∗ 10 ―7 2)

Original 
model

𝐾𝑑 = 135.3 ― 25.7D
Partly 
Cloudy 
sky

Locally 

adapted 

model
𝐾𝑑 = 126.368 ― 17.861𝐷

223

224 In the overcast model, Chung employed solar altitude  and the relative heaviness of ()

225 overcast sky (  obtained from Equation (7), as independent variables. On the other ), 

226 hand, he employed the diffuse fraction or cloud ratio  for partly cloudy sky [5]:(𝐷)

 = 𝐸𝑔ℎ/sin 𝛼 (7)

227

228 4.3. Lam and Li model (1996)
229 These authors proposed the following sky-type classification, based on the clearness 

230 index  as follows [6]: clear sky ; partly cloudy sky , and (𝐾𝑡) (𝐾𝑡 > 0.65) (0.3 < 𝐾𝑡 ≤ 0.65)

231 overcast sky , where ) is defined as the ratio of global to extraterrestrial (0 < 𝐾𝑡 ≤ 0.3)  (𝐾𝑡

232 irradiance [7]. The models and their local adaptation to the city of Burgos are presented 

233 in Table 3.

234

235 Table 3. Lam and Li equations for modelling diffuse luminous efficacy calculations,  , and for the 𝐾𝑑 (𝑙𝑚/𝑊)

236 different sky conditions. The original coefficients were calculated from the experimental data recorded at 

237 Hong Kong. The locally adapted coefficients were calculated from the experimental data recorded at Burgos, 

238 Spain.

Original model 𝐾𝑑 = 130.6

Clear sky Locally adapted 

model
𝐾𝑑 = 117.122

Original model 𝐾𝑑 = 116.2

Overcast sky Locally adapted 

model
𝐾𝑑 = 116.244

239

240 4.4. Muneer and Kinghorn model (1998)
241 The model of Muneer and Kinghorn [8] and its adaptation to the local conditions of 

242 Burgos are shown in Table 4. 

243
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244 Table 4. Muneer and Kinghorn equations for modelling diffuse luminous efficacy calculations,  . 𝐾𝑑 (𝑙𝑚/𝑊)

245 The original coefficients were calculated from data recorded at five different UK locations. The locally 

246 adapted coefficients were calculated from the experimental data recorded at Burgos, Spain.

Original model 𝐾𝑑 = 130.2 ― 39.828𝐾𝑡 + 49.979𝐾2
𝑡

All sky Locally adapted 

model
𝐾𝑑 = 127.869 ― 72.341𝐾𝑡 + 92.354𝐾2

𝑡

247

248 4.5. Robledo and Soler model (2001)
249 The sky conditions employed by Robledo and Soler were based on the sky clearness (

250 . These conditions are defined as follows [9]: overcast sky: ; partly cloudy sky ) ( < 1.20)

251  and clear sky , where  is obtained from Equation (5). The (1.20 <  < 5.0) ( > 5.0) ()

252 original expressions and the local adaptation of the models to the city of Burgos are 

253 presented in Table 5.

254

255 Table 5. Robledo and Soler equations for modelling diffuse luminous efficacy,  . The original 𝐾𝑑 (𝑙𝑚/𝑊)

256 coefficients were calculated from the experimental data recorded at Madrid, Spain. The locally adapted 

257 coefficients were calculated from the experimental data recorded at Burgos, Spain.

Original
(model 1)

𝐾𝑑 = 86.68(𝑠𝑖𝑛𝛼) ―0.034 ―0.266 

All sky
Locally adapted 

(model 1)
𝐾𝑑 = 97.101(𝑠𝑖𝑛𝛼) ―0.046 ―0.115

Original
(model 2)

𝐾𝑑 = 91.07 ―0.254 

All sky
Locally adapted 

(model 2)
𝐾𝑑 = 100.908 ―0.105

Original
(model 1)

𝐾𝑑 = 68.30(𝑠𝑖𝑛𝛼) ―0.175 ―0.343 

Clear sky
Locally adapted 

(model 1)
𝐾𝑑 = 120.187(𝑠𝑖𝑛𝛼) ―0.187 ―0.022

Original
(model 2)

𝐾𝑑 = 160.670(𝑠𝑖𝑛𝛼) ―0.114 

Clear sky
Locally adapted 

(model 2)
𝐾𝑑 = 127.986(𝑠𝑖𝑛𝛼) ―0.182 

Original model 𝐾𝑑 = 109.68(𝑠𝑖𝑛𝛼) ―0.012 ―0.116 
Overcast 
sky Locally adapted 

model
𝐾𝑑 = 106.433(𝑠𝑖𝑛𝛼) ―0.001 ―0.056 

Original model 𝐾𝑑 = 82.240(𝑠𝑖𝑛𝛼) ―0.052 ―0.296 
Partly 
cloudy sky Locally adapted 

model
𝐾𝑑 = 89.786(𝑠𝑖𝑛𝛼) ―0.110 ―0.163 
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258

259 4.6. Ruiz et al. model (2001)

260 Ruiz et al. employed two independent variables, solar altitude  and the ratio between ()

261 diffuse and extraterrestrial irradiance , in order to obtain two all sky type models [10]. (𝐾𝐷)

262 The equations of the models and their adaptation to the local conditions of Burgos are 

263 presented in Table 6.

264

265 Table 6. Ruiz et al. equations for modelling diffuse luminous efficacy,  . The original coefficients 𝐾𝑑 (𝑙𝑚/𝑊)

266 were calculated from the experimental data recorded at Madrid, Spain. The locally adapted coefficients were 

267 calculated from the experimental data recorded at Burgos, Spain.

Original
(model 1)

𝐾𝑑 = 160.61 ― 47.05𝐾𝐷 ― 196.94𝐾2
𝐷

All sky
Locally adapted 

(model 1)
𝐾𝑑 = 144.990 ― 149.439𝐾𝐷 + 168.178𝐾2

𝐷

Original
(model 2)

𝐾𝑑 = 86.970(𝑠𝑖𝑛𝛼) ―0.143𝐾 ―0.218
𝐷

All sky
Locally adapted 

(model 2)
𝐾𝑑 = 98.109(𝑠𝑖𝑛𝛼) ―0.048𝐾 ―0.115

𝐷

268

269 4.7. Souza and Robledo model (2004)
270 The sky conditions that Souza and Robledo used to classify sky types were overcast sky 

271 , partly cloudy sky , and clear sky  [11]. Table 7 shows ( < 1.20) (1.20 <  < 5.0) ( > 5.0)

272 the original form of the model and its local adaptation to the city of Burgos. 

273

274 Table 7. Souza and Robledo equations for modelling diffuse luminous efficacy,  . The original 𝐾𝑑 (𝑙𝑚/𝑊)

275 coefficients were calculated from the experimental data recorded at Florianopolis, Brazil. The locally adapted 

276 coefficients were calculated from the experimental data recorded at Burgos, Spain.

Original model 𝐾𝑑 = 259.03𝛼 ―0.177

Clear sky Locally adapted 

model
𝐾𝑑 = 132.250𝛼 ―0.125

277

278 4.8. Cucumo et al. model (2008)
279 Cucumo et al. used a constant value for modelling diffuse luminous efficacy [13]. Their 

280 model and its local adaptation to the city of Burgos are shown in Table 8.

281

282 Table 8. Cucumo et al. equations for modelling diffuse luminous efficacy,  . The original 𝐾𝑑 (𝑙𝑚/𝑊)

283 coefficients were calculated from the experimental data recorded at Aravaca di Rende, Italy. The locally 

284 adapted coefficients were calculated from the experimental data recorded at Burgos, Spain 

285



Journal Pre-proof

 

 

 

12

Original model 𝐾𝑑 = 127.410

All sky Locally adapted 

model
𝐾𝑑 = 115.202

286

287 4.9. Mayhoub and Carter model (2011)
288 Mayhoub and Carter diffuse luminous efficacy models [16] and the form of their local 

289 adaptation to the city of Burgos are shown in Table 9.

290

291 Table 9. Mayhoub and Carter equations for modelling diffuse luminous efficacy,  . The original 𝐾𝑑 (𝑙𝑚/𝑊)

292 coefficients were calculated from the experimental data recorded at ten locations in Europe and North Africa. 

293 The locally adapted coefficients were calculated from the experimental data recorded at Burgos, Spain

Original
(model 1)

𝐾𝑑 = 122.740 + 0.0164   

All sky
Locally adapted 

(model 1)
𝐾𝑑 = 116.732 ― 0.285 

Original
(model 2)

𝐾𝑑 = 121.830 + 3.5567𝐾𝑡 ― 18.305𝐾2
𝑡 + 29.492𝐾3

𝑡  

All sky
Locally adapted 

(model 2)
𝐾𝑑 = 115.072 ― 4.700𝐾𝑡 ― 10.500𝐾2

𝑡 + 46.371𝐾3
𝑡

294

295 4.10. Fakra et al. model (2011) 
296 Table 10 shows the model of Fakra et al. [14] and its local adaptation to the city of 

297 Burgos.

298

299 Table 10. Fakra et al. equations for modelling diffuse luminous efficacy,  . The original coefficients 𝐾𝑑 (𝑙𝑚/𝑊)

300 were calculated from the experimental data recorded at Saint-Pierre, Reunion Island. The locally adapted 

301 coefficients were calculated from the experimental data recorded at Burgos, Spain.

Original model 𝐾𝑑 = 139.980 

All sky Locally adapted 

model
𝐾𝑑 = 115.202

302

303 4.11. Chaiwiwatworakul and Chirarattananon model (2013)
304 These authors proposed a diffuse luminous efficacy model as a function of the sky 

305 clearness and the zenith angle [20]. Table 11 shows the original model and its local 

306 adaptation to the city of Burgos.

307
308 Table 11. Chaiwiwatworakul and Chirarattananon equations for modelling diffuse luminous efficacy,  𝐾𝑑

309 . The original coefficients were calculated from the experimental data recorded at Bangkok, Thailand. (𝑙𝑚/𝑊)

310 The locally adapted coefficients were calculated from the experimental data recorded at Burgos, Spain.
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Original model 𝐾𝑑 = (107.14 + 12.590.24) + (30.35 ―
30.1

1.5 )𝑍  

All sky Locally adapted 

model
𝐾𝑑 = (102.613 + 0.0811.872) + (45.171 ―

35.962

1.026 )𝑍

311

312 4.12. Kong and Kim model (2013)
313 These authors proposed a model for all sky conditions as a function of the solar altitude, 

314 the relative optical airmass, the sky brightness, and the clearness index [17]. Table 12 

315 shows this model and its local adaptation to the city of Burgos.

316

317 Table 12. Kong and Kim equations for modelling diffuse luminous efficacy calculations,  . The 𝐾𝑑 (𝑙𝑚/𝑊)

318 original coefficients were calculated from the experimental data recorded at Yongin, South Korea. The locally 

319 adapted coefficients were calculated from the experimental data recorded at Burgos, Spain.

Original model 𝐾𝑑 = 164.403 + 0.166 ― 5.759𝑚 ― 20.393 ― 46.974𝐾𝑡 

All sky Locally adapted 

model
𝐾𝑑 = 137.549 ― 13.101 + 0.673𝑚 ― 79.543 + 18.539𝐾𝑡

320

321 A summary of the main features of the models reviewed and the parameters used by 

322 each of them is shown in Table 13.

323
324 Table 13. Summary of the diffuse luminous efficacy models reviewed in this work. Literature reference of the 

325 original model, year, authors, sky type classification, input parameters used in the models, and the location 

326 where the model was first developed. 

Ref. Year Authors Sky types
Model 

parameters
Location

[4] 1990 Perez et al. All  𝑊,𝑍, 
USA and 

Europe

Clear 137 𝑙𝑚/𝑊
Overcast , [5] 1992 Chung

Partly 𝐷
China

Clear 130.6 𝑙𝑚/𝑊
[6] 1996 Lam and Li

Overcast 116.2 𝑙𝑚/𝑊
China

[8] 1998 Muneer and Kinghorn All 𝐾𝑡 UK

[9] 2001 Robledo and Soler (model 1) All ,  Spain

[9] 2001 Robledo and Soler (model 2) All  Spain

Robledo and Soler (model 1) Clear , 
Robledo and Soler (model 2) Clear 

Overcast , 
[9] 2001

Robledo and Soler Partly , 

Spain

Ruiz et al. (model 1) All 𝐾𝐷 Spain
[10] 2001

Ruiz et al. (model 2) All , 𝐾𝐷 Spain
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[11] 2004 Souza and Robledo Clear  Brazil

[13] 2008 Cucumo et al. All 127.41 𝑙𝑚/𝑊 Italy

[16] 2011 Mayhoub and Carter (model 1) All 
Europe and 
North Africa

[16] 2011 Mayhoub and Carter (model 2) All 𝐾𝑡
Europe and 
North Africa

[14] 2011 Fakra et al. All 139.98 𝑙𝑚/𝑊 Reunion Island

[20] 2013 Chaiwiwatworakul and 
Chirarattananon All 𝑍,  Thailand

[17] 2013 Kong and Kim All , 𝑚, , 𝐾𝑡 South Korea

327

328 5. Evaluation of the twenty-two classic diffuse luminous efficacy models on a 
329 horizontal plane

330 The goodness-of-fit of the models was calculated by means of the statistical indicators 

331 MBE (%) (Mean Bias Error) and RMSE (%) (Root Mean Square Error) [14] [23]. MBE 

332 shows the trend of the model either to over-estimate or to under-estimate the data. In 

333 contrast, RMSE provides a measure of the deviation between the predicted values using 

334 the fitted models and the experimental measurements. Equations (8) and (9) show the 

335 statistical estimators employed in this present study.

𝑀𝐵𝐸 (%) = 100
∑

𝑛(𝑋𝑚𝑜𝑑𝑒𝑙 ― 𝑋𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)

∑
𝑛𝑋𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

(8)

𝑅𝑀𝑆𝐸 (%) = 100

∑
𝑛(𝑋𝑚𝑜𝑑𝑒𝑙 ― 𝑋𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)2

𝑛
∑

𝑛𝑋𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝑛

(9)

336 Tables 14-17 present the results of applying the statistical estimators shown in 

337 Equations (8) and (9) to the models analysed in this study. Table 14 shows the results 

338 obtained for all sky conditions (twelve models). It can be observed that, when local 

339 coefficients are used, the Perez et al. [4] model showed the lowest RMSE (4.93 %) 

340 followed by the model of Ruiz et al. (Model 1, 4.97 %) [10].

341

342 Table 14. Evaluation of the diffuse luminous efficacy models for all skies

Original coefficients Local coefficients
Model

MBE (%) RMSE (%) MBE (%) RMSE (%)

Perez et al. 1.98 6.42 -0.26 4.93

Ruiz et al. (Model 1) 6.50 15.11 -0.32 4.97
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Robledo and Soler (Model 2) 10.81 13.75 -0.48 5.11

Robledo and Soler (Model 1) 9.11 12.02 -0.71 5.12

Ruiz et al. (Model 2) 5.57 8.69 -0.72 5.13
Chaiwiwatworakul and 
Chirarattananon 9.54 13.88 0.03 5.77

Cucumo et al. 8.67 14.61 -1.74 6.67

Fakra et al. 19.39 26.71 -1.74 6.67

Kong and Kim 6.12 15.43 -0.64 6.69

Mayhoub and Carter (Model 1) 4.70 10.60 -0.62 6.90

Muneer and Kinghorn 6.39 11.92 1.03 8.09

Mayhoub and Carter (Model 2) 5.68 11.30 1.17 8.14

343

344 Table 15 shows the results obtained for the case of clear sky (five models). The models 

345 with the lowest RMSE values, when local coefficients are employed, are those of 

346 Robledo and Soler [9] (5.35 % and 5.40 %) followed by the Souza and Robledo model 

347 [11] (5.43 %).

348

349 Table 15. Evaluation of the diffuse luminous efficacy models for clear skies

Original coefficients Local coefficients
Model

MBE (%) RMSE (%) MBE (%) RMSE (%)

Robledo and Soler (Model 1) 31.61 32.30 0.11 5.35

Robledo and Soler (Model 2) 24.56 26.16 0.58 5.40

Souza and Robledo 97.26 100.77 0.57 5.43

Chung 4.82 12.45 -3.13 9.20

Lam and Li 6.93 16.22 -4.10 9.75

350

351 Table 16 shows the results obtained for the case of partly cloudy sky (two models). Using 

352 the local coefficients, the Robledo and Soler [9] model yielded the lowest RMSE value 

353 (6.16 %).

354

355 Table 16. Evaluation of the diffuse luminous efficacy models for partly cloudy skies

Original coefficients Local coefficients
Model

MBE (%) RMSE (%) MBE (%) RMSE (%)

Robledo and Soler 7.71 11.47 -0.70 6.16

Chung 4.31 8.88 0.48 6.23

356
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357 Table 17 shows the results obtained for the overcast sky conditions (three models). 

358 Using local coefficients, the Chung [5] and the Robledo and Soler models [9] yielded the 

359 lowest RMSE values, respectively, 2.64% and 2.85%.

360

361 Table 17. Evaluation of the diffuse luminous efficacy models for overcast skies

Original coefficients Local coefficients
Model

MBE (%) RMSE (%) MBE (%) RMSE (%)

Chung -6.20 7.69 -0.07 2.64

Robledo and Soler 11.08 12.56 -0.21 2.85

Lam and Li 0.10 4.35 0.14 4.35

362

363 As was expected a priori, from the results obtained in Tables 14-17, it can be affirmed 

364 that the models fitted with data from the local measurements provided lower RMSE 

365 values than those obtained when using original coefficients.

366

367 6. Proposal of a new model to predict diffuse luminous efficacy
368 In this section, a new model is proposed to predict diffuse luminous efficacy on horizontal 

369 surfaces. The dependence of diffuse luminous efficacy  on different variables (solar (𝐾𝑑) 

370 altitude, clearness index, sky clearness, sky brightness, zenith angle, diffuse fraction, 

371 etc.) was analysed and several models were tested, in order to obtain the final model. 

372 From these studies, a model for obtaining the luminous efficacy value was proposed. 

373 This new model is based on a sigmoidal function that employs the solar altitude ( ) and 𝛼

374 the diffuse fraction  as the independent variables. In first place, it may be highlighted (𝐷)

375 that the proposed model has a determinist term (p0). As can be seen in the present work, 

376 that term is similar to the value obtained with the models that propose the use of only 

377 one constant to model luminous efficacy. However, the fact of considering a single 

378 constant for modelling luminous efficacy means that proper modelling of the behaviour 

379 of luminous efficacy throughout the day is not possible. In the case of the new model, 

380 there are another two variables, in addition to a determinist term. One of those variables 

381 is the diffuse fraction , as Equation (10) shows, which is defined as the ratio of (D)

382 horizontal diffuse irradiance to horizontal global irradiance, and which can be used to 

383 define the clearness of the sky. The other variable that the model employs is solar altitude 

384 ( . In addition, solar altitude varies throughout the day and, as a result, in some way α)

385 takes the amount of incident surface energy into account. The function that models the 

386 behaviour of luminous efficacy better than any other can be seen to be a function of a 



Journal Pre-proof

 

 

 

17

387 sigmoidal type, for data gathered in Burgos. Its advantage is that two easily obtained 

388 independent variables are employed, as most radiometric facilities are able to obtain 

389 both global and diffuse irradiance and the solar altitude can be easily determined.

390 Figure 3 shows the experimental diffuse illuminance versus the experimental diffuse 

391 irradiance on the horizontal surface at Burgos. As previously mentioned, measurements 

392 gathered from 1st April 2017 to 31st March 2018 were employed to develop the models 

393 and measurements gathered from 1st April 2018 to 31st December 2018 to test the 

394 models. The model was firstly proposed for all sky conditions and then applied for 

395 particular sky conditions (clear, partly cloudy, and overcast).

396

397
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398 Figure 3. Experimental diffuse illuminance vs experimental diffuse irradiance on the horizontal surface at 

399 Burgos

400

401 Figures 4a and 4b depict the experimental diffuse illuminance and irradiance vs. diffuse 

402 fraction  at Burgos (Spain) and Figures 4c and 4d depict the experimental diffuse (𝐷)

403 illuminance and irradiance vs. solar altitude ( ) at Burgos (Spain). In figures 4a and 4b, 𝛼

404 it can be seen that the experimental values of illuminance and irradiance present a 

405 similar behaviour, as would be expected. In addition, the values are lower for clear skies, 

406 which is logical because the diffuse component was lower. In the case of partly cloudy 

407 and overcast skies, higher values of both illuminance and irradiance can be seen, with 

408 greater variability, as a consequence of the sky conditions.

409 With respect to the experimental data of illuminance and irradiance versus solar altitude, 

410 it may be seen that the lower the values of both illuminance and irradiance, the lower the 

411 value of solar altitude and with less variability than the values observed when the solar 
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412 altitude increases, which is logical, as the sky conditions will affect illuminance and 

413 irradiance to a greater extent.

414

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Diffuse fraction (D) (01/04/17-31/03/18)

0

10

20

30

40

50

60

70

80

Ex
pe

rim
en

ta
l d

iff
us

e 
illu

m
in

an
ce

 (k
lu

x)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Diffuse fraction (D) (01/04/17-31/03/18)

0

100

200

300

400

500

600

700

Ex
pe

rim
en

ta
l d

iff
us

e 
irr

ad
ia

nc
e 

(W
/m

2 )
(a) (b)

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Solar altitude ( ) (rad) (01/04/17-31/03/18)

0

10

20

30

40

50

60

70

80

Ex
pe

rim
en

ta
l d

iff
us

e 
illu

m
in

an
ce

 (k
lu

x)

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Solar altitude ( ) (rad) (01/04/17-31/03/18)

0

100

200

300

400

500

600

700

Ex
pe

rim
en

ta
l d

iff
us

e 
irr

ad
ia

nc
e 

(W
/m

2 )

(c) (d)

415 Figure 4. (a,b) Experimental diffuse illuminance and irradiance vs. diffuse fraction  (𝐷)

416 at Burgos (Spain) and (c,d) Experimental diffuse illuminance and irradiance vs. solar 

417 altitude ( ) at Burgos (Spain) 𝛼

418

419 6.1. All sky conditions
420 Equation (10) shows the general form of the new diffuse luminous efficacy model: firstly 

421 proposed to determine the diffuse illuminance on horizontal surfaces for all sky 

422 conditions; and, subsequently adjusted for specific sky conditions (clear, partly cloudy, 

423 and overcast). As will be shown, this model can feasibly be employed for any of the 

424 above sky conditions. It can be observed that the independent variables of the new 

425 model are the solar altitude ( ) and the diffuse fraction , defined by Equation (6). The 𝛼 (𝐷)

426 local model adjusted to the city of Burgos is shown by Equation (11).

427
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𝐾𝑑 = 𝑝0 +
𝑝1

1 + 𝑒(𝑝2sin (𝛼) + 𝑝3𝐷)  (𝑙𝑚/𝑊) (10)

428

𝐾𝑑 = 112.018 +
271.743

1 + 𝑒(2.637sin (𝛼) + 4.569𝐷)  (𝑙𝑚/𝑊) (11)

429

430 With the new model, shown in Equation (11), values of RMSE = 4.77 % and MBE = -

431 0.10 % were obtained for all sky types. It can be observed from both Table 14 and 

432 Table 18 that the RMSE obtained with this new model was lower than any of the all sky 

433 classic models considered in this present study (twelve models). Figure 5 shows the 

434 estimated surface and the experimental data. The new model provides good estimations 

435 of the experimental data.

436
437 Table 18. Comparison between the best performing model for all sky conditions vs the new model for all 

438 sky conditions

Local coefficients
Model

MBE (%) RMSE (%)

New model, All sky - Equation (11) -0.10 4.77

Perez et al. -0.26 4.93

439

440
441 Figure 5.- Estimated diffuse luminous efficacy using the new model for all sky conditions, Equation (11), 

442 and experimental values for all sky conditions.

443
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444 Figure 6 shows the estimated diffuse illuminance with the new model versus measured 

445 diffuse illuminance for all sky conditions. As can be observed, the new model adequately 

446 predicts the diffuse illuminance values for all sky conditions.

447
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449 Figure 6.- Estimated diffuse illuminance with the new model vs measured diffuse illuminance for all sky 

450 conditions

451

452 From the results presented above, it can be concluded that the new model proposed in 

453 Equation (11) yields acceptable predictions of diffuse illuminance for all sky types and 

454 fitted the experimental data gathered in Burgos, Spain.

455

456 The data were fitted with the non-linear least-squares method using the 

457 Matlab™ R2018b fit function. For each type of sky, the data were selected with the 

458 specific sky conditions and had previously been filtered. In each case, it was necessary 

459 to select the variables that would be used. In the case of our model, the variables were 

460 defined as solar altitude and diffuse fraction. Those variables are two data vectors that 

461 will have been filtered by sky type. With the results and the experimental data on 

462 luminous efficacy , previously obtained and likewise filtered, the adjustment can be (Kd)

463 made by using the Matlab™ R2018b functions. 

464

465 6.2. Clear sky
466 Equation (12) shows the new model, locally adapted for the clear sky condition, defined 

467 from . This sky condition is employed by the models of Robledo and Soler [9] that ( > 5)

468 have the lowest RMSE values of all the models shown in Table 15. The new model, 

469 which is shown in Equation (12) yields an MBE = 0.14 % and an RMSE = 5.34 %. As 
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470 can be observed, the RMSE was slightly lower than those obtained with the models of 

471 Robledo and Soler [9]. Moreover, as can be observed from Table 19, the new model in 

472 Equation (11), locally fitted for all sky conditions, yields an RMSE value close to those 

473 locally fitted for a clear sky.

474

𝐾𝑑 = 123.114 +
190.220

1 + 𝑒(3.252sin (𝛼) + 3.340𝐷)  (𝑙𝑚/𝑊) (12)

475
476 Table 19. Comparison between the best performing model for clear sky vs the new model (same sky 

477 conditions )𝜀 > 5

Local coefficients
Model

MBE (%) RMSE (%)

New model, Clear sky - Equation (12) 0.14 5.34

Robledo and Soler (Model 1) 0.11 5.35

New model, All sky - Equation (11) -1.32 5.92

478

479
480 Figure 7.- Estimated diffuse luminous efficacy using the new model for clear sky, Equation (12), and 

481 experimental values for clear sky

482
483 Figure 7 shows the estimated luminous efficacy by using the new model, which is shown 

484 in Equation (12) for clear sky as well as the experimental values. Likewise, Figure 8 

485 shows the estimated diffuse illuminance with the new model versus the measured diffuse 

486 illuminance for clear sky conditions.

487
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488
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489 Figure 8.- Estimated diffuse illuminance using the new model vs measured diffuse illuminance for clear sky 

490 conditions given by 𝜀 > 5

491

492 6.3. Partly cloudy sky
493 Equation (13) shows the new model locally fitted for partly cloudy sky conditions, defined 

494 by , which is the sky condition employed by the model of Robledo and (1.2 < 𝜀 < 5.0)

495 Soler [9], because that model has the lowest RMSE values of all the models shown in 

496 Table 16. The new model, shown by Equation (13) yields an RMSE value of 5.76 %. 

497 Moreover, as shown in Table 20, the new model in Equation (11), locally fitted for all sky 

498 conditions, yields an RMSE value of 5.98 %; both slightly lower than the values obtained 

499 with the model of Robledo and Soler [9].

500

𝐾𝑑 = 108.635 +
240.293

1 + 𝑒(2.515sin (𝛼) + 3.656𝐷)  (𝑙𝑚/𝑊) (13)

501

502 Table 20. Comparison between the best performing model for partly cloudy sky and the new model, using 

503 the same sky conditions (1.2 < 𝜀 < 5.0)

Local coefficients
Model

MBE (%) RMSE (%)

New model, Partly cloudy sky - Equation (13) -0.38 5.76

New model, All sky - Equation (11) -0.74 5.98

Robledo and Soler -0.70 6.16

504
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505
506 Figure 9.- Estimated diffuse luminous efficacy using the new model for partly cloudy sky, Equation (13), 

507 and experimental values for partly cloudy sky

508

509 Figure 9 shows the estimated luminous efficacy using the new model, which is shown in 

510 Equation (13) for partly cloudy sky, as well as the experimental values. Likewise, 

511 Figure 10 shows the estimated diffuse illuminance with the new model versus measured 

512 diffuse illuminance for partly cloudy sky conditions. It can be observed that the new 

513 model, given by Equation (13), produces acceptable predictions of the diffuse 

514 illuminance values for partly cloudy skies.

515
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517 Figure 10.- Estimated diffuse illuminance with the new model vs measured diffuse illuminance for partly 

518 cloudy sky conditions (1.2 < 𝜀 < 5.0)

519
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520

521 6.4. Overcast sky conditions

522 Equation (14) shows the new model locally fitted for overcast sky conditions given by (𝐷

523 ), which are those employed by the Chung Model [5], because this model yielded > 0.8

524 the lowest RMSE (2.64 %) from among those shown in Table 17. The new model in 

525 Equation (14) yields an RMSE value of 2.83 %, slightly higher than the previous one. 

526 Moreover, as can be observed in Table 21, an RMSE of 2.96 % was attained with the 

527 new model locally fitted with all data (all sky conditions). It can therefore be noted that 

528 these RMSE values are similar to those obtained by the Chung Model [5].

529

𝐾𝑑 = 113.516 +
203.807

1 + 𝑒(3.296sin (𝛼) + 5.712𝐷)  (𝑙𝑚/𝑊) (14)

530
531 Table 21. Comparison between the best performing model for overcast skies and the new model, using the 

532 same sky conditions ( )𝐷 > 0.8

Local coefficients
Model

MBE (%) RMSE (%)

Chung Model -0.07 2.64

New model, Overcast sky - Equation (14) -0.06 2.83

New model, All sky - Equation (11) -0.73 2.96

533

534
535 Figure 11.- Estimated diffuse luminous efficacy using the new model for overcast sky, Equation (14), and 

536 experimental values for overcast sky

537
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538 Figure 11 shows the estimated luminous efficacy using the new model, which is shown 

539 in Equation (14) for overcast sky as well as the experimental values. As can be observed, 

540 this model yields acceptable predictions of luminous efficacy, which is approximately 

541 constant in the interval defined by the sky ratio. Figure 12 shows the estimated diffuse 

542 illuminance with the new model versus measured diffuse illuminance for overcast sky 

543 conditions. As can be noted, the new model is able to predict the diffuse illuminance for 

544 overcast sky conditions.

545
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547 Figure 12.- Estimated diffuse illuminance with the new model vs measured diffuse illuminance for overcast 

548 sky conditions ( )𝐷 > 0.8

549

550
551 Figure 13.- RMSE (%) and MBE (%) using the new model for the sky conditions analysed in this study

552

553 Figure 13 shows a comparison between the RMSE and MBE values using the new model 

554 for all sky and for particular sky conditions (clear, partly cloudy, and overcast). It can be 
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555 observed that the new model provides acceptable predictions of diffuse illuminance both 

556 for all sky and for particular sky conditions (clear, partly cloudy, and overcast).

557

558 7. Validation of the diffuse illuminance models
559 In Section 4, the diffuse luminous efficacy models from twenty-two existing models in the 

560 literature were fitted to local data from Burgos (Spain) and, in Section 5, the same models 

561 were evaluated. In Section 6, a new model was fitted and analysed for all sky and for 

562 particular sky conditions, using the same data as the previously mentioned models. In 

563 this Section, all of these models will now be validated by employing nine months of 

564 additional measurements gathered between 1st April 2018 and 31st December 2018. 

565 These measurements were taken, following the same procedure described in Section 3. 

566 Figure 14 shows the experimental data employed for testing the global luminous efficacy 

567 models. The figure shows measured diffuse illuminance versus measured diffuse 

568 irradiance on the horizontal surface at Burgos over the test period.

569
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571 Figure 14.- Experimental diffuse illuminance vs experimental diffuse irradiance on the horizontal surface at 

572 Burgos (test period)

573

574 As can be observed, Figure 15(a) shows the experimental diffuse luminous efficacy 

575 versus the diffuse fraction and Figure 15(b) shows the experimental diffuse luminous 

576 efficacy versus solar altitude, both for all sky conditions, using data gathered during the 

577 test period.

578
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579 Figure 15.- (a) Experimental diffuse luminous efficacy vs Diffuse fraction (D) and (b) Experimental diffuse 

580 luminous efficacy vs solar altitude ( ) for all sky (test period)𝛼

581

582 Data from these additional nine months of measurement are used to re-evaluate both 

583 RMSE and MBE in the models previously fitted with experimental data (local models), in 

584 order to validate the results. Tables 22-25 present the results of evaluating the statistical 

585 estimators shown in Equation (8) and in Equation (9) using the luminous efficacy models 

586 analysed in this study. The results obtained from the different sky conditions under study 

587 are also shown. To that end, the specific sky conditions proposed by each author were 

588 applied, in order to define the different sky types (clear sky, partly cloudy sky, and 

589 overcast sky). The new model proposed in this study was also validated both for all sky 

590 conditions and for particular sky types (clear, partly cloudy, and overcast). In the latter 

591 case, the conditions employed by the model with the lowest RMSE value were used to 

592 define the sky type. Table 22 shows the MBE and RMSE results of the tests for all sky 

593 conditions using the twelve classic models and the new model. It is shown in the 

594 validation that, the model of Perez et al. [4] (4.32 %) provided slightly lower results than 

595 the new model (4.44 %).

596
597 Table 22. Validation of the diffuse luminous efficacy models for all skies

Local coefficients
Model

MBE (%) RMSE (%)

Perez et al. -0.51 4.32

New model, All sky – Equation (11) -0.90 4.44

Ruiz et al. (Model 1) -1.28 4.97

Robledo and Soler (Model 2) -1.55 5.04

Robledo and Soler (Model 1) -1.86 5.21

Ruiz et al. (Model 2) -1.87 5.22
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Chaiwiwatworakul and Chirarattananon -1.06 5.39

Cucumo et al. -1.90 6.74

Fakra et al. -1.90 6.74

Mayhoub and Carter (Model 1) -0.78 6.93

Kong and Kim -2.36 7.33

Muneer and Kinghorn 0.29 8.11

Mayhoub and Carter (Model 2) 0.49 8.14

598

599 The results obtained from classic clear sky models (five models) and the new model are 

600 shown in Table 23. In addition, the results from the validation of the all sky model, given 

601 by Equation (11) for this particular sky type are also compared. It is shown that the 

602 models with the lowest RMSE values were those of the Souza and Robledo model [11] 

603 (5.89 %) and the Robledo and Soler model (Model 2) [9] (5.89 %). The new model given 

604 by Equation (12) yielded similar values to those obtained with the previously mentioned 

605 models (5.97 %). Moreover, the model obtained for all sky conditions provided an RMSE 

606 value of (6.90 %), higher than the one obtained with particular sky conditions given by (𝜀

607 ), which were used by Souza and Robledo [11] and Robledo and Soler [9].> 5

608
609 Table 23. Validation of the diffuse luminous efficacy models for clear sky conditions

Local coefficients
Model

MBE (%) RMSE (%)

Souza and Robledo 0.32 5.89

Robledo and Soler (Model 2) 0.27 5.89

Robledo and Soler (Model 1) -0.54 5.96

New model, Clear sky – Equation (12) -0.52 5.97

New model, All sky – Equation (11) -2.66 6.90

Chung -4.64 9.59

Lam and Li -4.62 9.79

610

611 Likewise, Table 24 shows the results obtained for classic partly cloudy sky models. It can 

612 be noted that the model with the lowest RMSE value is the new model for all sky 

613 conditions, defined by Equation (11) (5.72 %), followed by the new model for partly 

614 cloudy sky, defined by Equation (13) (6.01 %) and the Chung model [5] (6.01 %).

615
616 Table 24. Validation of the diffuse luminous efficacy models for partly cloudy sky

Local coefficients
Model

MBE (%) RMSE (%)
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New model, All sky – Equation (11) -1.00 5.72

New model, Partly cloudy sky - Equation (13) 1.88 6.01

Chung -1.21 6.01

Robledo and Soler -2.51 6.35

617
618 Table 25. Validation of the diffuse luminous efficacy models for overcast sky

Local coefficients
Model

MBE (%) RMSE (%)

Chung -0.25 2.44

Robledo and Soler -0.43 2.78

New model, All sky – Equation (11) -0.80 2.93

New model, Overcast sky - Equation (14) 1.06 3.19

Lam and Li -0.02 3.79

619

620 Finally, Table 25 shows the results obtained for the classic overcast sky models (three 

621 models), which are also compared with the new models. It can be noted that the model 

622 with the lowest RMSE values is the model of Chung [5] (2.44 %). Moreover, it can be 

623 observed that the models proposed in this present study fitted both for all sky conditions 

624 (2.93 %) and for overcast sky conditions (3.19 %) provide similar values to those of the 

625 Chung model [5]. As Figure 16 shows, in the case of all sky conditions, both the classic 

626 models and the new models analysed in this study with data from the test period present 

627 a similar tendency to that observed with data gathered to fit the models. A similar 

628 behaviour was also attained for particular sky conditions (clear, partly cloudy, and 

629 overcast).

630

631
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632 Figure 16.- Comparison between the RMSE values obtained with the classic models and the new model in 

633 the fit period (1st April 2017 to 31st March 2018) and in the validation period  (1st April 2018 to 31st 

634 December 2018)

635

636 Figure 17 shows the results obtained with the data gathered during the test period (1st 

637 April 2018 - 31st December 2018). These figures were obtained both for all sky and for 

638 particular sky conditions using the new models developed in this present study. These 

639 figures show the experimental measurements and the estimated diffuse luminous 

640 efficacy. A similar behaviour to the one obtained with the data employed to fit the models 

641 (1st April 2017 to 31st March 2018) can be observed.

642

a) All sky b) Clear sky

c) Partly cloudy sky d) Overcast sky
643
644 Figure 17.- Estimated  and measured values for all sky and for particular sky conditions using 𝐾𝑑

645 measurements gathered in the test period (1st April 2018 - 31st December 2018).

646

647 In addition, state of the art literature was consulted and the uncertainty values for solar 

648 altitude proposed in the work of H. Kambezidis, 2012 [24], were selected. Likewise, the 

649 results that are shown in both the pyranometer manual [25] and the state of the art: I. 
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650 Reda [26] and T. Muneer et al. [27] were considered, to account for the uncertainty of 

651 the irradiance measurement in the experimental measurements. On the basis of those 

652 uncertainty values, the uncertainty of the diffuse fraction (D) may be calculated. This 

653 uncertainty, together with the uncertainty of the solar altitude, makes it possible to 

654 evaluate the uncertainty of the luminous efficacy model proposed in this work. Having 

655 determined the uncertainty, a graphic representation of the values that our model yields 

656 is possible. Therefore, when evaluating the data collected over the test period (01/04/18-

657 31/12/18), the uncertainty of the model adopts a form that is shown in Figure 18. The 

658 uncertainty values that the model provides are relatively small in relation to the values of 

659 luminous efficacy. It may therefore be affirmed that the proposed model is acceptable.

660

661 Figure 18. Luminous efficacy uncertainty of the proposed model for all sky conditions

662

663 8. Conclusions
664 In this present study, twenty-two classic diffuse luminous efficacy models from the 

665 existing literature have been evaluated, both with their original coefficients and locally 

666 adapted coefficients estimated from the experimental data recorded at Burgos (Spain), 

667 between 1st April 2017 and 31st March 2018. The local behaviour of the models has been 

668 noted, which leads to lower RMSE and MBE values than those obtained by using their 

669 original coefficients.

670

671 A new diffuse luminous efficacy model has been proposed and analysed in this present 

672 study, in order to predict the illuminance on horizontal surfaces. This new model has 

673 been fitted for all sky types and for particular sky types (clear, partly cloudy, and 

674 overcast). This new model employs two independent variables: the diffuse fraction , (𝐷)

675 which is easily obtained from most radiometric facilities that can measure both global 
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676 and diffuse irradiance, and the solar altitude (  that is also easily obtained whatever the 𝛼)

677 geographical location.

678

679 The new model fitted with data collected during the period (1st April 2017 - 31st March 

680 2018) yields an RMSE value lower than any of the classic models analysed in this study 

681 for all sky conditions, as can be observed in Table 18. Moreover, the new model initially 

682 proposed for all sky conditions, shown in Equation (11), could be used either for all sky 

683 or for particular sky conditions (clear, partly cloudy, and overcast).

684

685 In turn, the new model fitted for particular sky conditions (clear, partly cloudy and 

686 overcast), with the data collected during the period (1st April 2017 - 31st March 2018), 

687 provides lower RMSE results than any of the classic models analysed in this study for 

688 clear sky and partly cloudy sky and it yields similar values in the case of overcast sky 

689 than the best performing models for this particular sky condition. 

690

691 The models yielded similar RMSE values both for the results of the validation data 

692 recorded during the period between 1st April 2018 and 31st December 2018 and for the 

693 data recorded between 1st April 2017 and 31st March 2018, for all sky conditions, as 

694 shown in Figure 16. Likewise, a similar behaviour was observed for particular sky 

695 conditions (clear sky, partly cloudy and overcast sky). 

696
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Highlights

 A new model of diffuse luminous efficacy over a horizontal surface is 

proposed

 A comparative study of twenty-two classic luminous efficacy models is 

presented

 The proposed model behaves in a better way than most of the classic 

models analysed

 Diffuse illuminance in all sky and in particular sky conditions can be 

determined


