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Abstract 14 

Daylight metrics act as a useful tool to quantify the potential of natural light in an architectural space as well as the energy saving 15 

promoted by a suitable design of windows, atriums and skylights. Accordingly, a new indoor lighting metric is proposed, 16 

Minimum Daylight Autonomy, defined as the percentage of occupied time when an illuminance threshold can be met by daylight 17 

alone under continuous overcast sky conditions. This novel concept can determine an approximation of the maximum use of 18 

electric lighting and the quantification of minimum energy savings without the need for advanced calculation tools. Although 19 

Daylight Factor is the most widespread concept, it cannot forecast energy saving as accurately as dynamic metrics. In addition, 20 

Daylight Autonomy is the most usual dynamic definition, since it estimates the energy consumption of on/off electric lighting 21 

systems depending on weather conditions. However, there is no link between static and dynamic metrics, as both concepts are 22 

based on different variables. This research proposes the calculation procedure for Minimum Daylight Autonomy, as well as the 23 

equations which serve to predict dynamic metrics based on static, after confirming the accuracy of the simulation program which 24 

calculates the metrics using a test cell under real conditions. 25 

Keywords: daylighting, energy management, daylight factor, daylight autonomy, daylight metric. 26 
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 28 

1. Introduction 29 

1.1. State of the art 30 

In the current scenario of building design, the analysis of energy savings is crucial to define a sustainable construction. As electric 31 

lighting involves between 15 and 30% of the total energy consumption in buildings [Ryckaert 2010, Lam 2003, Armaroli 2011], 32 

it is advisable to pay attention to the use of natural lighting. Accordingly, a proper architectural design can allow a reduction in 33 

energy consumption in electric lighting [Acosta 2015a], based mainly on the quantification of daylighting metrics [Leslie 2012]. 34 

A suitable window design can noticeably impact electric energy consumption, as concluded in the study by Leslie et al. [2005], 35 

which quantify the effect of blind controls in energy saving according to the calculation of simulated Daylight Factors (DF). This 36 

metric can also be useful in determining the suitable design of atriums [Acosta 2018, Calcagni 2004], courtyards [Acosta 2014] 37 

and skylights [Kim 2011, Acosta 2012, Campano 2014], as deduced from previous studies. Other researchers, such as Acosta et 38 

al. [2016, 2017], determine the impact of window size and position on electric energy consumption by means of the analysis of 39 

daylight dynamic metrics. Daylight Autonomy (DA) specifically has been used in recent years in several studies [Muñoz 2014, 40 

Mangkuto 2016, Vanhoutteghem 2015] to properly quantify the sustainability of the building design. Other dynamic metrics 41 

such as Useful Daylight Illuminance (UDI) have demonstrated a practical application for windows and atrium design [Berardi 42 

2015]. 43 

The most usual metric for determining natural light in building design is DF, which defines the ratio of the inner illuminance at 44 

given point to that measured outside under overcast sky conditions [CIE 2011]. Nowadays, DF is the most widespread concept 45 

in the analysis of daylighting [Chel 2010, Chow 2013]. As it can be considered a static metric, its results only depend on the 46 

qualities and geometry of the architecture, since orientation and location are irrelevant considering an ideal cloudy sky [CIE 47 

2003]. Therefore, DF defines the potential illuminance at a studied point under overcast sky conditions. In accordance with this 48 

definition, the illuminance measured at an interior point can be deduced knowing the external illuminance. 49 

However, DF is not a fully reliable metric when quantifying the energy consumption in electric lighting, since it ignores natural 50 

light provided under clear sky conditions and the illuminance thresholds required in order to execute the task [Boyce 2013]. 51 

Therefore, as stated before, the use of dynamic metrics in lighting research is becoming increasingly frequent, and energy savings 52 

are determined in accordance with the opening orientation, room location and luminance conditions of the sky vault. The most 53 

extended dynamic metric is probably that of DA, proposed in 1989 by the Association Suisse des Electriciens [1989] and 54 

redefined by Reinhart et al. [2006]. DA is defined as the percentage of the occupancy time during the year when a minimum 55 
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illuminance threshold is met by daylight alone. Accordingly, the higher the DA value, the lower the switching on time of electric 56 

lighting. 57 

Several new metrics based on DA emerged subsequently, aiming to determine the autonomy of natural light according to vision 58 

adaptability or the dimming control of electric lighting. Accordingly, Continuous Daylight Autonomy (DAcon) was proposed 59 

[Reinhart 2006]. This metric is defined as the percentage of the occupied time during the year when a minimum illuminance 60 

threshold is met by daylight alone, considering a partial credit linearly to values below the threshold defined. Although the use 61 

of this novel concept is not as widespread as DA, it can be useful in certain circumstances. For example, Ahadi et al. [2017] used 62 

this metric to assess the daylight performance of light-wells and courtyards. 63 

One of the most relevant dynamic metrics is UDI, which determines when daylight levels are suitable for occupants [Nabil 2005, 64 

2006]. Nabil et al. developed this new metric, based on the percentage of the occupied time during the year when the illuminance 65 

value is between 100 and 3,000 lux [Mardaljevic 2012]. An illuminance level below 100 lux is considered fell-short, while a 66 

value higher than 3,000 lux is defined as exceeded. As explained above, UDI has made it possible to determine an efficient 67 

architectural design for daylight harvesting [Al-Obaidi 2015, Kleindienst 2013]. A suitable value for UDI, as well as for DA, 68 

can be 50% [Reinhart 2014]. 69 

Most recently, the Illuminating Engineering Society of North America (IESNA) published a new method to analyze the daylight 70 

potential of architectural spaces. This method is based on the new metric of Spatial Daylight Autonomy (sDA), which describes 71 

the percentage of floor area that receives an illuminance level higher than or equal to 300 lux during at least 50% of the annual 72 

occupied hours [IESNA 2013]. Accordingly, this concept does not refer to a given point, since it analyzes daylight use for an 73 

entire surface. Several researchers have reasoned their results for the application of this metric [Verso 2017, Kazanasmaz 2016]. 74 

As deduced from this brief introduction, there is a wide range of daylight metrics with no link between them. This in turn makes 75 

it difficult for designers to choose a suitable metric when assessing the potential of natural light of an architectural space. 76 

1.2. Aim and objectives 77 

In accordance with the previous scenario, where static and dynamic metrics coexist with no link between them, the Minimum 78 

Daylight Autonomy (DAm), defined as the percentage of the occupied time when an illuminance threshold can be met by daylight 79 

alone under a continuous overcast sky conditions, is proposed. This novel concept serves to determine the use of electric lighting 80 

and the quantification of energy savings under the worst case scenario without requiring advanced calculation tools, since 81 

weather conditions always correspond to a cloudy sky. Thus, the minimum energy savings produced by an electric lighting 82 

facility can be quantified, assuming a daylight responsive control system. DAm is therefore based on the DA procedure, although 83 
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considering the variables for DF calculation. Thus, this metric can be used to link static and dynamic metrics, as explained in 84 

this study. 85 

This research aims to determine the calculation procedure for DAm, as well as the links of this new concept to static and dynamic 86 

metrics. DAm can be quantified following a simple procedure explained below, so that the entire calculation process can be 87 

included in a spreadsheet. To bridge the gap between static and dynamic metrics, equivalence tables have been designed to 88 

determine the DAm value according to DF and the latitude of the location studied. Moreover, the relationship of DAm with other 89 

dynamic metrics such as DA is determined using weighting factors which depend on weather conditions and window orientation. 90 

This can therefore be a useful tool for lighting designers. 91 

2. Methods 92 

2.1. Definition of DAm 93 

DAm is defined as the percentage of the year when a minimum illuminance threshold is met by daylight alone, considering 94 

overcast sky conditions throughout the year. Therefore, the higher the DAm, the higher the minimum energy saving in electric 95 

lighting. Based on this definition, this metric can be quantified as equation (1): 96 

𝐷𝐴𝑚 =
∑ 𝑤𝑓௜௜ · 𝑇௜

∑ 𝑇௜௜

∈ [0,1];  𝑤𝑓௜ = ൜
1 𝑖𝑓 𝐸஽ை ≥ 𝐸௅

0 𝑖𝑓 𝐸஽ை < 𝐸௅
 (1) 97 

where Ti is the occupied time in a year, wfi is the weighting factor which depends on the illuminance threshold, EDO is the daylight 98 

illuminance measured at a given point under overcast sky conditions, and EL is the illuminance threshold. 99 

This new concept can be used to link dynamic metrics such as DA or UDI, with DF, finding commonalities between static and 100 

dynamic definitions. DAm is reasoned following the concepts of other dynamic metrics [Reinhart 2006] although it is based on 101 

the variables established for the DF calculation [CIE 2011]. 102 

Unlike other dynamic metrics, DAm can be calculated analytically, considering the Moon-Spencer definition of an ideal overcast 103 

sky [Moon 1942] and the zenith luminance calculation [Karayel 1984]. A simplified calculation procedure is shown below. 104 

2.2. Simplified calculation procedure for DAm 105 

2.2.1. Protocol 106 

The calculation of DAm relies on interior illuminance, which depends on solar altitude and sky conditions. Subsequently, the 107 

illuminance calculated helps to determine the percentage of time during which this value is equal to or higher than the illuminance 108 

threshold chosen, as defined in equation (1). Accordingly, the calculation procedure is defined as in Figure 1: 109 
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 110 

Figure 1: Procedure for calculating minimum daylight autonomy. 111 

 112 

2.2.2. Equation of time 113 

In order to properly determine solar time, which serves to define the altitude of the Sun, the time equation must be used. This 114 

equation gives the difference between solar time and clock time due to the elliptical orbit of the earth and solar declination of 115 

the axis [IESNA 2000]. This divergence goes from -14:15 minutes on February 11 to +16:25 minutes on November 3, varying 116 

throughout the year. 117 

Several procedures can be used to calculate the equation of time. Lamm proposed a simple method to calculate the divergence 118 

between solar and clock time [Lamm 1981] widely used for most terrestrial daylighting calculations, while Meeus defined a 119 

complex procedure focused on astronomical calculators [Meeus 1988]. The formulae (2) used in this research correspond to a 120 

variant of the Meeus procedure which can be easily implemented in most calculation engines. 121 

𝐸𝑇 = − ቈ9.87 𝑠𝑖𝑛 2 ቆ
(𝐽 − 36605)360

365.25
ቇ − 7.53𝑐𝑜𝑠 ቆ

(𝐽 − 36605)360

365.25
ቇ − 1.5𝑠𝑖𝑛 ቆ

(𝐽 − 36605)360

365.25
ቇ቉ (2) 122 

where ET is the difference between solar time and clock time, measured in minutes and J is the Julian date, a number between 1 123 

and 365. 124 

It is worth noting that the accuracy of the time equation is not decisive in the calculation of DAm, since the variation between 125 

different procedures diverges by barely a few seconds. 126 

2.2.3. Solar time 127 

The solar time [IESNA 2000] is calculated according to the following formula (3): 128 

𝑡 = 𝑡௦ +
𝐸𝑇

60
+

12(𝑆𝑀 − 𝐿)

𝜋
 (3) 129 

where t is the solar time in decimal hours; ts is the standard time in decimal hours, which is equal to daylight time minus one 130 

hour; ET is the equation of time measured in minutes; SM is the standard meridian for the time zone in radians; and L is the site 131 

longitude in radians. 132 
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It should be noted that daylight saving time plays an important role in determining local time. Therefore, one hour must be added 133 

during the winter season and two hours throughout the summer season. 134 

2.2.4. Declination 135 

The declination of the Sun [IESNA 2000] is determined according to the following equation (4): 136 

𝛿 = 0,4093 𝑠𝑖𝑛 ൬
2𝜋(𝐽 − 81)

368
൰ (4) 137 

where δ is the declination in radians and J is the Julian date. 138 

2.2.5. Solar altitude 139 

The solar altitude [IESNA 2000] can be defined through the equation below (5): 140 

𝑎௧ = arcsin ൬𝑠𝑖𝑛𝑙 · 𝑠𝑖𝑛𝛿 − 𝑐𝑜𝑠𝑙 · 𝑐𝑜𝑠𝛿 · 𝑐𝑜𝑠
𝜋𝑡

12
൰ (5) 141 

where at is the solar altitude in radians, l is the site latitude in radians, δ is the declination in radians, and t is the solar time in 142 

decimal hours. 143 

Solar elevation is key to determining DAm, as the luminance of the sky vault depends on this variable. 144 

2.2.6. Zenith luminance 145 

There are many methods proposed to determine zenith luminance, depending on sky conditions, turbidity of the atmosphere and 146 

solar altitude. One of the first approaches proposed was by Karayel et al. [Karayel 1984] depending on solar altitude and Linke’s 147 

turbidity factor. Other researchers have studied the zenith luminance for a specific location [Lam 2003, Soler 2004] due to the 148 

divergence of the results obtained with the previous formulation. Therefore, there is no universal method to estimate zenith 149 

illuminance [Ferraro 2012]. The formula proposed (6) for this simplified procedure is the one defined in most architecture 150 

handbooks [Baker 1993] and determined by Nakamura et al. [1985]. 151 

𝐿௓ை = 100 + 7580(sin (𝑎௧))ଵ.ଷ଺ (6) 152 

where LZO is the zenith luminance under overcast sky conditions in cd/m² and at is the solar altitude in radians. It should be 153 

highlighted that there are many procedures to calculate zenith luminance and the DAm calculation will vary according to the 154 

formulation used. As an example, using the calculation formula developed in the Lighting Handbook [IESNA 2000], the DAm 155 

measurements increase in comparison with the method described in this procedure. 156 

2.2.7. Exterior illuminance 157 
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Exterior illuminance can be defined based on the luminance of the sky vault. As explained above, DAm is obtained considering 158 

overcast sky conditions throughout the year, so that sky luminance can be determined following the Moon-Spencer definition 159 

[Moon 1942], as expressed in (7): 160 

𝐿ఏை =
𝐿௭ை(1 + 2𝑠𝑖𝑛𝜃)

3
(7) 161 

where LθO is the luminance at solar altitude and LZO is the luminance at the zenith, both under overcast sky conditions and 162 

measured in cd/m². Accordingly, the exterior illuminance from an unobstructed sky vault under overcast sky conditions is defined 163 

in (8): 164 

𝐸ாை = 2𝜋 න
𝐿௭ை(1 + 2𝑠𝑖𝑛𝜃)

3
𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜃

గ
ଶ

଴

𝑑𝜃 =
2𝜋𝐿௭ை

3
· ቌ൤

−𝑐𝑜𝑠2𝜃

4
൨

଴

గ
ଶ

+ 2 · ቈ
𝑠𝑖𝑛ଷ𝜃

3
቉

଴

గ
ଶ

ቍ =
7𝜋𝐿௭ை

9
(8) 165 

where EEO is the exterior illuminance in lx and LZO is the luminance at the zenith in cd/m² under overcast sky conditions, as 166 

expressed in (6). 167 

It is worth noting that there are several methods for determining the luminance distribution of an overcast sky vault, most notably 168 

the equations by Perez et al. [1993], which can also be used for this purpose, as can be deduced from the CIE [2003]. The Perez 169 

et al. formulas allow not only the calculation of luminance distribution of an overcast sky, but also for intermediate and clear 170 

skies. The luminance distribution of the sky can affect to the outer and inner illuminance measures, modifying the DF calculation 171 

as well as the expected DAm results. It should be also noted that an overcast sky usually corresponds to the worst case scenario 172 

for measuring internal illuminance, but this statement must be taken with caution, since in specific situations, such as for high 173 

latitudes, early and late hours of the day and a window orientation avoiding sunlight, a clear sky might provide a lower sky 174 

component. 175 

2.2.8. Daylight illuminance 176 

Daylight illuminance measured in the interior space can be deduced based on the exterior illuminance and DF [CIE 2011]. DF 177 

can be calculated using calculation programs [Acosta 2012] or predictive methods [Acosta 2014]. Daylight illuminance can thus 178 

be expressed as (9): 179 

𝐸஽ை = 𝐷𝐹 · 𝐸ாை  (9) 180 

where EDO is the daylight illuminance measured at a study point, DF is the daylight factor at the same point and EEO is the exterior 181 

illuminance under overcast sky conditions. 182 

2.2.9. Illuminance threshold 183 
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As in the case of other dynamic metrics, the illuminance threshold must be defined to calculate DAm. This value depends on the 184 

illuminance requirements of the task and usually ranges from 100 to 500 lux. 185 

2.2.10. Minimum daylight autonomy calculation 186 

Finally, DAm is calculated, according to the illuminance threshold and the occupancy hours. Following equation (1), DAm can 187 

be defined as expression (10): 188 

𝐷𝐴𝑚 =
∑ 𝑤𝑓௜௜ · 𝑇௜

∑ 𝑇௜௜

∈ [0,1];  𝑤𝑓௜ = ൜
1 𝑖𝑓 𝐸஽ை ≥ 𝐸௅

0 𝑖𝑓 𝐸஽ை < 𝐸௅
 (10) 189 

where Ti is the occupied time in a year, wfi is the weighting factor which depends on the illuminance threshold, EDO is the daylight 190 

illuminance measured at a given point under overcast sky conditions, and EL is the illuminance threshold. For practical purposes, 191 

the occupied time can be measured in hours, considering the occupancy hours throughout the year. 192 

An interesting approach for calculating DAm can be based on time frames shorter than a whole year. As an example, this metric 193 

can be determined considering the illuminance measured during winter season, showing a worse scenario than that observed for 194 

the entire year. Under this new focus, the comparison of this concept with DA might not carried out, but it could be useful for 195 

analyzing certain periods of the year. 196 

In accordance with the definition stated, solar elevation determines illuminance at the studied point and the threshold selected 197 

allows the calculation of the percentage of hours during the year when a suitable level is met by the natural light provided by a 198 

constant cloudy sky. For example, using a color scale from red to green through yellow, Figure 2 shows the hours throughout 199 

the year when a minimum threshold of 100 lux is met according to a DF value of 2%. This calculation process has been carried 200 

out only using a spreadsheet. Considering an occupied time from 8 am to 5 pm, DAm corresponds to 84% for equator, 79% for 201 

latitude 20°, 70% for latitude 40° and 46% for near Artic Circle, at latitude 60°. As deduced, DAm values decrease in accordance 202 

with latitude, due to the illuminance threshold and the occupancy hours defined. 203 
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 204 

Figure 2: Calculation of Minimum Daylight Autonomy (DAm) for different latitudes, a Daylight Factor (DF) of 2% and an 205 

illuminance threshold of 100 lux. 206 

The asymmetry observed in the color maps of Figure 2 is the result of the application of the equation of time and the daylight 207 

saving time, which clearly affect the illuminance measured according to local time. 208 

 209 

2.3. Validation of the calculation tool  210 

In order to find a link between DAm and the dynamic metrics mentioned above, a calculation procedure is carried out using a 211 

simulation program. Daysim 3.1 software uses the Radiance engine to predict the amount of daylight in buildings, based on 212 

direct and diffuse horizontal irradiances provided by a climate file. Although this simulation program has previously been tested 213 

by several researchers [Reinhart 2001, Acosta 2015b], a validation process is required to define its accuracy in calculating both 214 

DA and DF, comparing the simulated results with those measured in a test cell under real conditions. 215 

2.3.1. Characteristics of the test cell and the calculation model 216 

This study was developed using a test cell placed in Seville (Spain) [León 2017]. This south-facing cell is 2.40 m wide, 3.20 m 217 

deep and 2.70 m high. The whole enclosure, made of sandwich panels including the roof and floor, is highly insulated. Its south-218 

facing facade has a window 108 cm high by 116 cm wide, with double glazing (2x4mm glass with 8 mm air-space) and an 219 

aluminum sliding frame. The glazing fraction has a solar factor of 0.85 and a visible transmittance of 0.75. The maintenance 220 

factor, which represents the dirt buildup on the window, is considered 0.80. The inner envelope has a reflectance of 0.72 for 221 

walls and ceiling and 0.22 for the floor. 222 



LEUKOS  
The Journal of the Illuminating Engineering Society 

Volume 15, 2019 - Issue 4 

10 
 

Illuminance data were collected throughout 2017 using 8 inner illuminance-meters (range of 20-2,000 lx, accuracy of ±3.0%), 223 

located above the floor spaced at 0.40 m on the axis of symmetry of the cell, as Figure 3 shows. An outdoor illuminance-meter 224 

(range of 0-150,000 lx, accuracy of ±0.4%) was used to measure the illuminance outside the cell. 225 

 226 

Figure 3: Test cell inner view with the distribution of the illuminance-meters.  227 

These sensors are represented in the calculation model by a superimposed grid of monitor points. The calculation parameters 228 

used for Daysim 3.1 are listed in Table 1. The weather conditions used in the validation study correspond to Seville (Spain), at 229 

Latitude 37.42º and Longitude 5.40º, with mainly clear skies. These weather data were collected from the SEVILLA SWEC file 230 

(Spanish Weather for Energy Calculations) developed by Pérez-Lombard for the Spanish National Institute of Meteorology 231 

(AEMET) [De la Flor 2008]. 232 

Table 1: Parameters of the calculation program. 233 

Ambient Bounces 7 

Ambient Divisions 1500 

Ambient Super-samples 100 

Ambient Resolution 300 

Ambient Accuracy 0.05 

Limit Reflection 10 

Specular Threshold 0.0000 

Specular Jitter 1.0000 

Limit Weight 0.0040 

Direct Jitter 0.0000 

Direct Sampling 0.2000 

Direct Relays 2 

Direct Pretest Density 512 

 234 

2.3.2. Boundary conditions for DA and DF calculation 235 
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The daylight autonomy was calculated with an occupancy schedule from 8:00 to 17:00, with no lunch break or blind control, 236 

since the window has no blinds or other shading devices. These conditions have been considered both for computer simulation 237 

and for measurements. In addition, 100, 250 and 500 lux were established as indoor illuminance thresholds for DA calculation 238 

as they represent average illuminance values for architectural spaces. 239 

The DF of each sensor location was calculated as an average of the illuminance values measured for the days in 2017 which 240 

correspond to overcast sky conditions close to the Moon-Spencer model [Moon 1942]. 241 

The overcast sky selected for DF calculations met the following conditions: 242 

 The sky ratio, determined by the quotient of the horizontal sky irradiance to the global sky irradiance, must be higher 243 

than 0.85. 244 

 The luminance measured at the four cardinal points, with an elevation of 30°, must be similar, with an absolute margin 245 

of error lower than ±5%. 246 

 The exterior illuminance must be close to 7πLz/9, where Lz is the luminance in the zenith, with an absolute margin of 247 

error lower than ±10%. 248 

2.3.3. Results of the validation process 249 

Figure 4 shows the DA and DF values calculated for the validation process. The first graph compares DA results from 250 

measurements and computer simulations for the defined illuminance thresholds (100, 250 and 500 lux), as well as their different 251 

absolute percentages. The second graph shows the DF results both from simulation and the average measurements, also showing 252 

their absolute difference. 253 

 254 

Figure 4: Daylight Autonomy (DA) and Daylight Factor (DF) results generated from illuminance measurements and 255 

simulation calculations 256 

DA values calculated from simulations are close to those performed from measurements, with an average relative difference of 257 

1.00% and the highest maximum deviation obtained for the 500 lux threshold (8.4%). It should also be noted that the divergences 258 
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between simulations and measurement are greater in terms of depth for all of the illuminance thresholds under study, but are 259 

therefore acceptable for this validation study as low values under 10%.  260 

Divergences in DF results are lower than those observed for DA, with an average relative difference of 0.96% and showing the 261 

highest deviations (4.5 to 6.5%) at the control points closest to the window. As in the previous analysis, these deviations are 262 

acceptable, given that they are below 10%.  263 

From these results it can be deduced that Daysim 3.1 properly calculates DA and DF metrics in rooms with similar boundary 264 

conditions, and is a suitable tool for linking static and dynamic metrics to DAm. 265 

3. Results 266 

3.1. Relationship with daylight factors 267 

As explained in the calculation procedure of DAm, interior illuminance can be quantified knowing the DF at a given point and 268 

the external illuminance under overcast sky conditions. The external illuminance can be deduced from equation (8), expressed 269 

above, which depends on the solar altitude, defined in (5) and the luminance measured at the zenith of the sky vault, seen in (6). 270 

Accordingly, external illuminance varies depending on latitude and solar time, which can be bounded by occupancy hours. 271 

It should be noted that vertical illuminance plays an important role in high latitudes locations, in many situations with greater 272 

influence than horizontal one. However, DF is defined as the ratio of interior to exterior illuminance, measured on a horizontal 273 

work plane [CIE 2011] and most of the calculation programs define this metric following this definition. 274 

Once the external illuminance is deduced according to latitude and occupancy hours, the daylight illuminance, measured at an 275 

inner point, can be determined following the DF value at the studied point. Thus, the percentage of the occupied time during the 276 

year when an illuminance threshold is achieved can be easily calculated, determining the value of DAm. Following this statement, 277 

Tables 2 to 6 show the relationship between DAm and DF, in accordance with the latitude and the occupancy hours, which 278 

determine the solar altitude and therefore the external illuminance. Each table represents DAm values for a certain illuminance 279 

threshold, varying from 100 to 500 lx. 280 

Table 2: Minimum daylight autonomy according to a threshold of 100 lux and occupancy hours from 8 am to 5 pm. 281 

Daylight 
Factor 

Latitude 
0 ° 5 ° 10 ° 15 ° 20 ° 25 ° 30 ° 35 ° 40 ° 45 ° 50 ° 55 ° 60 ° 

1.0% 70% 66% 65% 63% 60% 56% 48% 43% 38% 34% 30% 25% 21% 
1.5% 79% 79% 78% 77% 76% 72% 69% 64% 57% 51% 45% 41% 37% 
2.0% 84% 84% 82% 80% 79% 79% 77% 74% 70% 63% 56% 50% 46% 
2.5% 85% 84% 85% 86% 84% 83% 82% 79% 76% 71% 63% 57% 52% 
3.0% 87% 88% 90% 89% 89% 85% 84% 83% 79% 77% 71% 62% 56% 
3.5% 90% 91% 90% 90% 90% 88% 85% 84% 83% 80% 75% 66% 60% 
4.0% 92% 92% 91% 91% 90% 90% 87% 86% 85% 82% 78% 70% 62% 
4.5% 93% 92% 92% 91% 90% 90% 89% 87% 86% 83% 81% 73% 64% 
5.0% 94% 93% 92% 91% 91% 90% 91% 89% 87% 85% 82% 76% 66% 
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 282 

Table 3: Minimum daylight autonomy according to a threshold of 200 lux and occupancy hours from 8 am to 5 pm. 283 

Daylight 
Factor 

Latitude 
0 ° 5 ° 10 ° 15 ° 20 ° 25 ° 30 ° 35 ° 40 ° 45 ° 50 ° 55 ° 60 ° 

1.0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
1.5% 50% 47% 45% 40% 35% 31% 27% 24% 21% 17% 14% 9% 4% 
2.0% 70% 66% 65% 63% 60% 56% 48% 43% 38% 34% 30% 25% 21% 
2.5% 73% 71% 71% 70% 68% 67% 62% 56% 49% 44% 39% 35% 30% 
3.0% 79% 79% 78% 77% 76% 72% 69% 64% 57% 51% 45% 41% 37% 
3.5% 84% 82% 80% 79% 78% 77% 72% 71% 66% 57% 52% 47% 42% 
4.0% 84% 84% 82% 80% 79% 79% 77% 74% 70% 63% 56% 50% 46% 
4.5% 84% 84% 84% 82% 82% 81% 81% 77% 74% 69% 59% 53% 49% 
5.0% 85% 84% 85% 86% 84% 83% 82% 79% 76% 71% 63% 57% 52% 

 284 

Table 4: Minimum daylight autonomy according to a threshold of 300 lux and occupancy hours from 8 am to 5 pm. 285 

Daylight 
Factor 

Latitude 
0 ° 5 ° 10 ° 15 ° 20 ° 25 ° 30 ° 35 ° 40 ° 45 ° 50 ° 55 ° 60 ° 

1.0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
1.5% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
2.0% 37% 37% 35% 31% 28% 24% 21% 18% 14% 9% 6% 1% 0% 
2.5% 53% 53% 53% 52% 48% 42% 37% 33% 29% 25% 20% 15% 10% 
3.0% 70% 66% 65% 63% 60% 56% 48% 43% 38% 34% 30% 25% 21% 
3.5% 70% 70% 69% 66% 66% 64% 60% 52% 46% 41% 37% 32% 28% 
4.0% 74% 75% 76% 75% 71% 69% 65% 60% 52% 47% 42% 37% 33% 
4.5% 79% 79% 78% 77% 76% 72% 69% 64% 57% 51% 45% 41% 37% 
5.0% 83% 81% 79% 78% 77% 75% 71% 68% 64% 55% 50% 45% 40% 

 286 

 287 

Table 5: Minimum daylight autonomy according to a threshold of 400 lux and occupancy hours from 8 am to 5 pm. 288 

Daylight 
Factor 

Latitude 
0 ° 5 ° 10 ° 15 ° 20 ° 25 ° 30 ° 35 ° 40 ° 45 ° 50 ° 55 ° 60 ° 

1.0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
1.5% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
2.0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
2.5% 27% 24% 21% 19% 18% 17% 14% 11% 8% 5% 1% 0% 0% 
3.0% 50% 47% 45% 40% 35% 31% 27% 24% 21% 17% 14% 9% 4% 
3.5% 57% 59% 61% 57% 54% 46% 41% 36% 32% 28% 23% 18% 12% 
4.0% 70% 66% 65% 63% 60% 56% 48% 43% 38% 34% 30% 25% 21% 
4.5% 70% 70% 68% 65% 64% 61% 57% 50% 45% 40% 35% 31% 26% 
5.0% 73% 71% 71% 70% 68% 67% 62% 56% 49% 44% 39% 35% 30% 

 289 

Table 6: Minimum daylight autonomy according to a threshold of 500 lux and occupancy hours from 8 am to 5 pm. 290 

Daylight 
Factor 

Latitude 
0 ° 5 ° 10 ° 15 ° 20 ° 25 ° 30 ° 35 ° 40 ° 45 ° 50 ° 55 ° 60 ° 

1.0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
1.5% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
2.0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
2.5% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 
3.0% 21% 21% 19% 17% 15% 13% 11% 9% 6% 1% 0% 0% 0% 
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3.5% 42% 44% 40% 35% 31% 27% 24% 21% 17% 14% 8% 4% 0% 
4.0% 51% 50% 46% 46% 42% 38% 34% 30% 26% 21% 17% 13% 8% 
4.5% 60% 62% 62% 59% 55% 48% 42% 38% 33% 29% 25% 20% 14% 
5.0% 70% 66% 65% 63% 60% 56% 48% 43% 38% 34% 30% 25% 21% 

 291 

Unlike other dynamic metrics such as DA or UDI, the values shown in Tables 2 to 6 can be applied broadly. As expected, the 292 

variation in occupancy hours affects the range of solar altitude, so that the interior illuminance and therefore the calculation of 293 

DAm also vary. 294 

It is worth noting that, as deduced from equation (10), DAm can be directly calculated for a certain DF value, regardless of the 295 

angle of the plane where the study point is located. Therefore, DAm can be measured in a vertical plane and its correlation with 296 

DF would be the same, corresponding to values shown in Tables 2 to 6. This could be particularly useful for determining vertical 297 

illuminances, to calculate the impact of lighting on the human circadian response. 298 

According to occupancy hours from 9 am to 5 pm, the DAm values increase between 7 and 11% compared to a schedule from 8 299 

am to 5 pm. In the case of a time frame from 10 am to 5 pm, the DAm values rise up to 25% compared to the values shown in 300 

Tables 2 to 6. If the closing hour varies, from 5 pm to 3 pm, the DAm calculation is barely affected, since the luminance of the 301 

sky vault is sufficient to promote a minimum illuminance threshold during the afternoon. 302 

 303 

 304 

 305 

3.2. Relationship with daylight autonomy 306 

3.2.1. Calculation methodology 307 

Daysim 3.1 is used to find a link between DAm and the dynamic metrics mentioned above. As previously deduced, this tool 308 

calculates both DF and DA values accurately, and can therefore determine the relationship between the concepts above and the 309 

proposed metric. The calculation parameters of the simulation program are defined in the previous section on validation using 310 

dynamic metrics and are shown in Table 1. 311 

A virtual room was used to quantify the dynamic metrics according to the geometry of the window and the distance from the 312 

facade. The venue is 3.0 m wide by 6.0 m deep by 3.0 m high, corresponding to the typical dimensions of a small office or a 313 

living room. A window of variable size is located in the facade, with a visible transmission of 0.7. The opening size corresponds 314 

to a small or large window (opening to facade ratio of 20 and 40% respectively) and the jambs, lintel and sill are 0.25 m thick. 315 

The inner surfaces of the room act as Lambertian reflectors, so that the luminance reflected is directly proportional to the cosine 316 
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of the angle between the observer's line of sight and the surface normal. The reflectance values for each surface are described in 317 

Figure 5. 318 

The DA values are measured on a central axis considering a spacing of 0.30 m between study points and a height of 0.60 m 319 

above the floor, as shown in Figure 5. Subsequently, the DAm values can be deduced from the DF results defined for each point 320 

analyzed, following the calculation procedure described above. 321 

 322 

Figure 5: Description of the calculation model for determining the relationship between dynamic metrics. 323 

The illuminance threshold defined for calculating the DA in this study is 250 lux, a sufficient amount to carry out the most 324 

common tasks in a residential space. The occupancy hours considered in this trial are from 8.00 am to 5.00 pm, corresponding 325 

to a typical use of daylighting. 326 

Four locations are studied for this research in order to quantify the variation in DA values depending on different weather 327 

conditions. The first location corresponds to London, UK, at 50° north latitude with mainly overcast skies. The second location 328 

is Madrid, Spain, at 40° north latitude with predominantly clear skies. The third and fourth sets of weather conditions correspond 329 

to Stockholm, Sweden, close to 60° north latitude and Munich, Germany, near 50° north latitude with mainly intermediate skies. 330 

In addition, four orientations are considered for the window in order to assess the effect of the orientation of the opening in the 331 

quantification of DA and its relationship with DAm. The orientations studied are north, east, south and west. 332 

3.2.2. Relationship according to room location 333 

Following the methodology described above, Figure 6 shows DA and DAm values for the calculation model, according to the 334 

latitude and weather data of four locations: London (LON), Madrid (MAD), Stockholm (STO) and Munich (MUN), considering 335 

two window sizes (window to facade ratio of 20 and 40%) and a north-oriented opening. 336 
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As expected, DAm values for the room sections shown in Figure 6 are almost always below DA values, except in the zone near 337 

the facade, where both metrics tend to converge. As can be deduced from the variations of luminance between clear and overcast 338 

skies, DAm values could be higher than DA measures in certain circumstances, usually in the zone near the façade for windows 339 

facing north. 340 

DAm values are null for a distance greater than 3.6 m from the facade in the case of small windows (ratio of 20%) and under 341 

20% for 5.1 m in the room model with a larger window (ratio of 40%), that is to say, DAm reaches approximately twice the 342 

height of the window lintel. 343 

According to the results observed in Figure 6, equation (11) shows the relationship of the dynamic metrics analyzed, depending 344 

on the variables not considered in the calculation of DAm, those of weather conditions: 345 

𝐷𝐴 = 𝐷𝐴௠ + (1 − 𝐷𝐴௠) · 𝐿ி · 𝑑଴.ଶହ (11) 346 

where DAm is the minimum daylight autonomy deduced from DF, LF is the location factor, which depends on the average 347 

weather conditions and d is the distance in m between the point studied and the facade. 348 

The predictive method described in equation (11) is derived by a curve fitting procedure, comparing the results of DA and DAm 349 

and deducting the weighting factors to provide the minimum value for the average error and for the standard deviation. As can 350 

be deduced, the method proposed is therefore limited to the specific situations analyzed, so it can be improved by means of 351 

complementary calculations carried out under different contexts. Accordingly, the modification of the weighting factors 352 

proposed, as well as the addition of new factors linked to other variables (such as window shape, shading devices or external 353 

obstructions), can be determined in further research. It should be noted that these weighting factors would also change in the 354 

case of the correlation of DA and DAm for vertical planes. 355 

The location factor varies between 0.00 (continuous overcast sky) and 1.00 (continuous clear sky) depending on the climate 356 

conditions of the location analyzed. Table 7 shows the location factor LF considered for the rooms studied: 357 

Table 7: Location factor LF for the rooms studied according to the average weather conditions. 358 

Location Location Factor 

Madrid 0.50 

Munich 0.45 

Stockholm 0.40 

London 0.30 
 359 

Future developments may aims toward formulating an accurate link between LF and the weather data files which define the 360 

global and diffuse irradiances [LBNL 2012]. 361 
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 362 

Figure 6: Daylight Autonomy (DA) and Minimum Daylight Autonomy (DAm) for calculation model according to room 363 

location. 364 

Figures 7 to 10 represent the DA values defined by the simulation program and those determined by the predictive method 365 

described in equation (11), for the locations studied described above and the LF factors shown in Table 7. Solid lines show the 366 

results obtained by means of Daysim 3.1, while dashed lines represent the quantification of the expression (11), depending on 367 

the distance from the facade. Moreover, red lines describe the metric results for large openings (ratio of 40%) and blue lines 368 

express the DA values for small windows (ratio of 20%). The comparison of both methods has been carried out for positive 369 

values of DAm. The relative difference between both methods is quantified in the secondary axis. 370 
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 371 

Figure 7: Daylight Autonomy (DA) quantified according to simulation and predictive method for London location and 372 

relative difference between both procedures. 373 

 374 

Figure 8: Daylight Autonomy (DA) quantified according to simulation and predictive method for Madrid location and 375 

relative difference between both procedures. 376 

 377 

Figure 9: Daylight Autonomy (DA) quantified according to simulation and predictive method for Stockholm location and 378 

relative difference between both procedures. 379 
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 380 

Figure 10: Daylight Autonomy (DA) quantified according to simulation and predictive method for Munich location and 381 

relative difference between both procedures. 382 

As deduced from Figures 7 to 10, the predictive method achieves noticeable accuracy for determining the DA values depending 383 

on the DAm calculation, showing a divergence below 10% for all cases compared to the results of the simulation program. In 384 

the case of the London location, shown in Figure 7, the average relative difference is 3.4%, with a maximum value of 6.9%. As 385 

deduced from Figure 8, the predictive method can determine the DA values for Madrid with an average relative difference of 386 

3.2% and a maximum divergence of 6.5% compared to the simulation program. This margin of error is slightly higher for the 387 

cases of Stockholm and Munich, described in Figures 9 and 10 respectively, which show an average relative difference of 3.9% 388 

for both locations. 389 

 390 

 391 

 392 

3.3.3. Relationship according to window orientation 393 

As in the previous trial, Figure 11 shows DA and DAm values for the room model defined in the methodology, according to the 394 

orientation of the window: north (N), east (E), south (S) and west (W), depending on two window sizes (window to facade ratio 395 

of 20 and 40%) and considering the London location as an case. Other studied locations are not shown for the sake of brevity. 396 

As in the previous trial and as seen in Figure 11, the room sections show a DAm value almost always lower than the DA 397 

measurements quantified using the simulation program, converging in the zone near the facade. Since DAm is calculated 398 

according to overcast sky conditions, the window orientation does not affect the results of this metric. As concluded above, DAm 399 

values reach twice the height of the window lintel, defining the minimum area of the room where the illuminance threshold is 400 

met under a constant cloudy scenario. 401 
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 402 

Figure 11: Daylight Autonomy (DA) and Minimum Daylight Autonomy (DAm) for calculation model according to window 403 

orientation for London location. 404 

As deduced from the measurements shown in Figure 11, equation (12) represents the relationship of DA and DAm according to 405 

weather conditions and the influence of the window orientation: 406 

𝐷𝐴 = 𝐷𝐴ெ + (1 − 𝐷𝐴ெ) · 𝐿ி · 𝑂ி · 𝑑଴.ଶହ (12) 407 

where DAm is the minimum daylight autonomy deduced from DF, LF is the location factor, OF is the orientation factor and d is 408 

the distance in m between the point studied and the facade. 409 

The orientation factor ranges from 1.00 (north orientation) to 1.25 (south orientation) depending on the orientation of the window. 410 

As in the case above, the deduction of these weighting factors have been carried out by means of a curve fitting procedure, 411 

determining each factor for the minimum average error. The improvement of the weighting factors proposed, as well as the 412 
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determination of new parameters linked to other daylight conditions, can be defined in further research. Table 8 shows the 413 

orientation factor OF deduced from the calculation results: 414 

Table 8: Orientation factor OF for the rooms studied according to the orientation of the window. 415 

Orientation Orientation Factor 

North 1.00 

East 1.15 

South 1.25 

West 1.15 
 416 

As seen before in the analysis of room location, Figures 12 to 15 show the DA values quantified by the simulation program and 417 

those predicted by equation (12), based on the analysis of the window orientation and the weight factor described in Table 8. As 418 

in the previous graphs, solid lines represent the results of Daysim 3.1, while dashed lines describe the measurements of the 419 

method proposed in (12) depending on the distance from the facade. As seen above, the divergence between both procedures is 420 

quantified in the secondary axis. 421 

 422 

Figure 12: Daylight Autonomy (DA) quantified according to simulation and predictive method for north orientation and 423 

relative difference between both procedures. 424 

 425 
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Figure 13: Daylight Autonomy (DA) quantified according to simulation and predictive method for east orientation and 426 

relative difference between both procedures. 427 

 428 

Figure 14: Daylight Autonomy (DA) quantified according to simulation and predictive method for south orientation and 429 

relative difference between both procedures. 430 

 431 

Figure 15: Daylight Autonomy (DA) quantified according to simulation and predictive method for west orientation and 432 

relative difference between both procedures. 433 

As seen in Figures 12 to 15, the method proposed also provides a proper fit when calculating the DA values based on the DAm 434 

calculation, demonstrating a divergence lower than 10% for all case studies compared to the simulation program. As concluded 435 

for the north orientation described in Figure 12, the average relative difference is 3.4%, while the maximum divergence is 6.8%. 436 

In the case of east and west orientations, shown in Figures 13 and 15 respectively, the average difference is about 3.9%, while 437 

this divergence is slightly lower for south orientation, as seen in Figure 14. 438 

As can be deduced, the factors defined for the window orientation are limited by the occupancy hours described in the 439 

methodology, so that the weight values defined in Table 8 could be adjusted for other schedules. Moreover, the location factors 440 

concluded above can be modified for other weather conditions not considered in this study. Based on the previous statements, a 441 



LEUKOS  
The Journal of the Illuminating Engineering Society 

Volume 15, 2019 - Issue 4 

23 
 

deeper analysis of the weighting factors could be carried out in a future research, in order to provide new nuances for other 442 

scenarios. In any case, these factors are an initial approach to determining a relationship between DAm and the dynamic metrics 443 

mentioned above, and therefore are a useful tool for designers. 444 

4. Conclusions 445 

As discussed in the background, daylight metrics are a useful tool for determining the performance of an architectural space in 446 

order to provide suitable natural light and energy saving in electric lighting. However, static metrics such as DF do not provide 447 

a reliable quantification of energy consumption in electric lighting, since these concepts ignore the illuminance requirements and 448 

weather conditions of the location studied. Moreover, dynamic metrics, most notably DA, provide a suitable calculation of energy 449 

savings, considering all the variables which affect the illuminance thresholds, although the calculation is really complex and not 450 

linked in any way to the most widespread static metrics. 451 

According to the previous scenario, DAm provides a reliable relationship between classic and new daylight metrics by means of 452 

tables and predictive procedures, easily quantifying the DF and DA values. Moreover, DAm represents the maximum energy 453 

consumption which can be produced by an electric lighting facility, assuming an ideal on/off lighting control, since it calculates 454 

the percentage of the occupied time throughout the year when an illuminance threshold is achieved under a continuous overcast 455 

sky, despite the fact that in certain circumstances clear skies may represent a worse scenario. In addition, this new concept can 456 

be calculated following the simple procedure explained above, so that the entire calculation process can be included in a 457 

spreadsheet, if DF values are provided either from measurements or simulation. 458 

As deduced from the analysis of the relationship between DAm and static metrics, when the DF at a given point and the external 459 

illuminance under overcast sky conditions are known, the interior illuminance can easily be quantified depending on time. 460 

Therefore, in accordance with the previous variables and defining an illuminance threshold, DAm can be calculated exactly, 461 

since both metrics mentioned are based on the same climate conditions. This can be useful for deducing the minimum energy 462 

savings according to DF measurements (considering a suitable light flux management system), without needing to use dynamic 463 

metrics for analysis. Tables 2 to 6 show examples of the DAm values which correspond to DF, depending on the latitude (which 464 

determines the solar altitude), the occupancy hours and the illuminance threshold. 465 

As seen in the analysis of the relationship between DAm and dynamic metrics, equation (12), shown above, represents the link 466 

between DA and DAm according to the weather conditions and the influence of the window orientation. The formulation 467 

mentioned above describes the resulting DA values based on DAm calculation and two weight factors relating to the location 468 

and the orientation of the window. Therefore, equation (12) can serve to determine the relationship between DA and DF, applying 469 

this formula to the DAm values shown in Tables 2 to 6. The formula proposed achieves noticeable accuracy when predicting 470 

DA measurements according to weather conditions, as deduced from Figures 7 to 10, where a maximum divergence below 10% 471 
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is observed. Moreover, the method defined is also highly precise when determining the DA values depending on window 472 

orientation, as seen in Figures 12 to 15. Specifically, the predictive method provides a maximum relative difference lower than 473 

10% compared to the results observed using the calculation program, considering the case study of different window orientations. 474 

Analyzing all scenarios relating to room location and window orientation, the average divergence of the proposed equation and 475 

the results observed from Daysim 3.1 does not exceed 3.9%. It should be noted that the accuracy of the simulation program 476 

calculating both DA and DF metrics has been previously tested with a real model under real conditions, based on a room with 477 

similar dimensions and characteristics, so that the results provided by the method proposed could be extrapolated to a real 478 

scenario. Accordingly, it can be concluded that the predictive method developed in this research provides a reliable calculation 479 

of DA measurements based on the DAm estimations, using a suitable procedure to deduce the dynamic metrics in accordance 480 

with the DF values. As described above, the weighting factors of the method proposed are limited to the boundary conditions of 481 

the scenario studied, although they serve as an initial approach to link static and dynamic metrics. The suitable quantification of 482 

the weighting factors requires further research in which all the variables that affect daylight metrics have been considered, such 483 

as the window shape, the external environment and extreme latitudes and climate conditions. 484 
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