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Abstract. Lighting engineering represents a complex scientific field, which requires the generalization of knowledge in assessing visual comfort, constructive and architectural solutions for the adaptation to the site climate. Global environmental issues and sustainable development require architectural design to serve the modern building achieve maximum energy performance. Especially in hot regions, the specific tasks of designing daylight systems cannot be sufficiently completed without carefully considering the problems of insolation and sunscreens. The present method in Russian regulations is a daylight factor method calculation with high accuracy under the overcast sky and without impact of shading devices. Unfortunately, this method revealed a few possible inaccuracies if considering the impact of shading devices and should be improved with the proposal of two coefficients  and , which replace the approximate factor . The results show that a significant effect from the shading coefficient reduces light entering the room. Light reflection from shading devices is slightly increased by up to 15% when the ground surface has a high reflectance. With this approach, it is possible to complete the method of side-lighting calculation with specific parameters and finishing surfaces of the shading devices. The research shows the potential of increasing light reflection to the room under the real sky with sunlight. Finishing the daylight factor calculation would potentially lead to the development of a method to define the window area in design stage to adequate the daylight requirements, which now processes most in the rule of thumb.
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This article is based on the presentation at The Construction Digitalization for Sustainable Development (CDSD 2020) International Conference in Hanoi, Vietnam, 24th-25th November 2020.
1. Introduction

The design of envelopes and openings is important for improving daylight condition as a factor of indoor climate of buildings. Literature [1-6] indicated great contribution of well-daylit spaces to the occupants’ health and performance. To improve the accuracy of daylight analysis during the course of building envelope design, supportive calculation should be developed and provided to the designers.
[bookmark: _Hlk66045100]In hot climates, external shades are useful elements for sun protection and therefore popularly introduced to the sun-exposed facades of buildings. Figure 1 shows successful designs of facades that are intended for Singapore and Malaysia as tropical countries.  Studies by S Mirrahimi, Al-Tamimi, Kirimtat A., Abdullah, F. H., Cheong, K. H., Mettanant, V. et al. [7-12] provided insights into significant effects of shading on better indoor thermal and visual comfort. In these studies, empirical modeling and simulation were methods to analyze the relation between tropical sky radiation and energy consumption. In [13-15] (Y. W. Lim, H. Lee, Al-Masrani S.M. et al.), an indicator of “Daylight ratio” was introduced to evaluate how the reflection of a building enclosure affected daylight level in a room throughout different cases of orientation under intermediate sky conditions. As a part of Southeast Asia, Vietnam is grouped into the zone of tropical climate. Due to fast economic growth and rapid urbanization, high-rise apartments and office buildings are gaining increasing popularity in major cities. The main issue associated with these buildings lies on the building enclosure which is believed not to be well designed for hot and humid tropical climates that are characterized by high intensity of solar incidence. Shading and buffer spaces in forms of balconies, loggias, as well as elevated gardens were hardly considered in the conceptual design of a great deal of high-rise building projects. The regulation of microclimate therefore relies on M&E systems; however, it will lead to high energy consumption of the buildings. In Fig. 2, three multi- functional towers, Keangnam Landmark Tower (Hanoi), City administrative center (Danang) and Bitexco Financial Tower (Ho Chi Minh City) were demonstrated as representatives of fully glass-furnished envelopes. In these cases, it was necessary to use low-emissivity glass (Low e) to minimize thermal radiation in order to avoid heating inside the building and increase the construction cost significantly [16].  However, excessive annual expenditure on HVAC is foreseen when shading elements are absent on the glazed facades. Therefore, a better approach is using a more suitable window area, which are represented by Window to Wall Ratio (WWR) or Window to Floor Ratio (WFR). The influence of WWR value on energy savings potential of buildings was mentioned in [17-19]. Good selection of WWR values and typologies of shades are considered effective strategies to achieve expected performance and better visual comfort.
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Fig. 1. Building envelopes with sun-shading devices, green-building solutions in tropical countries [source by authors].
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	а). Keangnam Landmark Tower - Ha Noi [Photo credit: LG Viet Nam]
	b). Building of administrative center of Danang city [Photo credit: Da Nang Department of Construction]
	c). Bitexco Financial Tower – Ho Chi Minh city [Photo credit: Bitexco]


Fig. 2. Modern enclosing constructive solution in Vietnam. 

DF methods – complex of design and assessment methods:

In the history of the daylight assessment, other daylight performance indicators based on the absolute value of illuminance such as sDA, UDI, ASE were developed to adequate the daylight requirements of an area under different sky models. These indicators are widely used in evaluating daylight using simulation software [20, 21]. However, when dealing with absolute value of illuminance, the design of the opening required by the early stages of the project using such indicators would not be optimal.
To determine the WWF or WFR requirements based on daylight needed in a space, the Daylight Factor is considerably the most reasonable method. In the document SP 23.102.2003 (Natural lighting of residential and public buildings, Russia) and SP 52.13330.2016 (daylighting and artificial lighting, Russia), the WFR was calculated using the minimum Daylight Factor - DFM at the most unfavorable point of the room, i.e. at the point, in 1m from the furthest wall [22, 23].  
The Daylight Factor concept was first introduced in 1895 by Trotter [24]. One of the earliest graphical methods developed, which received much recognition, was the Waldram diagrams for calculating the Sky Component (SC) [25]. In the 1930s, it was developed into Danhilux protractor, and has been commonly used in Russia due to its validated precision of geometric Daylight Factor for daylight assessment.

Russian standard for daylight calculation:

The typical sky in Russia is the overcast sky (for example: Moscow (560N) and Saint Petersburg (57.70N) [26, 27]. Daylight Factor is considered an indicator of convenience when designing openings due to its direct dependence on geometric Daylight Factor  (formula 1). From the cumulative of the diffuse horizontal illuminance, we can also define the requirement of time using daylight for working hours [28] For these reasons, the assessment with Daylight Factor (K.E.O) is widely used in Russian Standard and studies until now.
The Daylight Factor – K.E.O with side lighting in Russian standards SP 23-102-2003 and SP 52.13330.2016 [29, 30] can be obtained with the below expression:

	

	(1)



where 
 is the coefficient of daylight climate corresponding to SP 52.13330.2016;
n is the number of sky sections visible through the light opening from the fixed point;
 is the geometric Daylight Factor at the fixed point with side opening, taking into account direct light from the i-th section of the sky;
is the coefficient of non-uniformity of the i-th section brightness of the cloudy sky CIE;
М is the number of sections of the facades of the opposing buildings visible through the opening from the fixed point;
 is the geometric Daylight Factor at the fix point with side opening, taking into account the light reflected from the j-th section of the facades of the opposing buildings;
 is the average relative brightness of the j-th section of the facades of the opposing buildings, the physical essence of this coefficient is similar to the coefficient q:

	
	(2)



From formula (2),  is the brightness of the opposing building,  is the brightness of the sky at zenith, Euniform sky is the horizontal illumination in the open air under uniformity sky, Еovercast sky is the illumination on the horizontal surface with brightness distribution of overcast sky, standardized by CIE.
kzdj is the coefficient taking into account changes in the internal reflected component of the Daylight Factor in the room in the presence of opposing buildings, determined by the formula:

	

	(3)



where: kzdo coefficient that takes into account changes in the internal reflected component of the Daylight Factor in the room when the sky is completely or partially closed by buildings visible from the fixed point;
ro is the coefficient takes into account the increase of Daylight Factor with side lighting due to light reflected from the surfaces of the room and the external obstructions; 
o is the total light transmittance, determined by the formula:

	 
	(4)



where: 1 is the coefficient of light transmission of the material, 2 is the coefficient taking into account the light loss in the bindings of the opening, 3 is the coefficient taking into account the light loss in the bearing structures (with side lighting 3 = 1), 4 is the coefficient taking into account the light loss in the sun-shading devices.
MF is the operating factor determined according to [29, 30];

Target of the study:
[bookmark: _Hlk66044702]
In the last version of daylight standards, the daylight assessment was developed to be adequate with different sky conditions. The coefficient of daylight climate CN and the coefficient of non – uniformity of the sky qi was up to date from the fifteen sky models of Kittler [31]. The three main components of DF were described:
· Luminance of Sky Component and Obstruction Component


(SC&OC) = 

· Interior Reflection Component (IRC) = ro
· Exterior Reflection Component (ERC) = 4 (nested in o)
Notably, 4 represents influence of the shading devices and other different exterior components, which may vary from 0.75 to 0.90.  In this case, the effects of external shading devices (form, sizing and materials) are not taken into account. That also means this estimation method of daylight amount with shading devices are unsuitable. 
This study proposed further development of this method for the analysis of daylight when external shades are introduced. The suggested research target is: calibrating coefficient 4 with proposing the coefficients, considering the impact of horizontal shading device and ground reflectance on the original Daylight calculation. 

2. Methodology

Under the overcast sky, diffuse radiation, as well as diffuse illumination, is characterized by the property of steadiness and is not influenced by the light opening orientation. At the same time, direct radiation is characterized by a dynamic property, changes rapidly in time and depends on the orientation. In Real states of the sky, i.e. in the intermediate sky, the level of diffuse illumination depends on different cloud conditions and accordingly, the vertical diffuse illumination depends on the position of the Sun.
In the field of design, direct light that inevitably causes discomfort glare and increases cooling load should be avoided. Diffuse source, in contrast, provides buildings with more stable light amount and better visual comfort. External fins, on one hand, prevent the penetration of direct sunlight, but on the other hand, increase the amount of reflected light into interior space. The typologies and dimension of shades should be determined in relation to building location, orientation and occupants’ expectation.
[bookmark: _Hlk66045026]With the presence of shading devices, a part of the sky light will be deducted by shading devices while the other part would be reflected from exterior surfaces (shading device surface and ground) onto the glass windows and into the building. The increased or decreased amount of light reflected onto glass window surfaces will take into account the reflection coefficient Kref (>1) and shading coefficient Kshad (<1). These coefficients will then be multiplied into the original Daylight Factor calculation in the formula (1). Physical light transmission analysis and mathematical analysis are used to determine the two proposed coefficients above.

2.1. Coefficient of Reduction of Diffuse Illuminance in the Room with Sun-Shading Device – Kshad

The hypothesis must be accepted: The reflection of natural light from adjacent surfaces is considered total diffuse reflection. The intensity of diffuse illumination from the sky is a linear function with the intensity of diffuse radiation from the sky, formula (5) represents this ratio [32, 33].

	
                                                  
	(5)



where 
K is the light emission equivalent or luminous efficiency, Klx/W.m2 or Lm/W; 
697.33 is maximum spectral sensitivity of vision which befalls at 555 nm; 
e () is the  flux density at wavelength  ( nm); 
V() is the value of the photopic spectral luminous efficiency for that wavelength.
Consistent with the linear relationship between diffuse illumination and diffuse radiation, in the presence of shading devices, the coefficient considering the decrease in diffuse illumination in the room is equal to the coefficient considering the decrease in diffuse radiation - Kshad:

	

	(6)



where
IDshad is the intensity of diffuse solar incidence on window with protection, W/m2;
ID.vert. is the intensity of diffuse solar incidence on window without protection, W/m2;
EDshad is the diffuse Illuminance on window with protection, lux; 
ED.vert. is the diffuse Illuminance on glassed window without protection, lux. 
Since the rays of diffuse radiation go from the sky to the calculated point, it is needed to set up the origin of coordinates on the window surface. Taking the middle of the upper edge of the window as the origin (O') leads to an increase in the solid angle of the sky dome Z-Z3, while the origin (O'') as the middle of the lower edge leads to a decrease in the solid angle of the sky dome; hence the center point (O) of the window is fixed as the calculation point (Fig. 3). According to [32, 33], assuming that the diffuse radiation is uniformly distributed, Kshad could be calculated as:

	
	(7)



where
l - emissivity from the sky at the center point of the window; 
о.czu. - emissivity from ½ shading element at the center point of the window.
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[image: ]
Fig. 3. Illustration of the calculation of the emissivity between the surface of the sun-shading element and the center point O of the window for the proposal of Kshad.



2.2. The Coefficient of Increase of the Illuminance due to Reflected Light from Different Surfaces Of Sun Shading Devices – Kref.

The reflection of diffuse light from horizontal shading devices is taken into account by the coefficient Kref and is determined according to Lambert's law [34-36]. The basic formula is described:                  

	
	(8)



where L is area brightness dS.
Reflected illumination from a horizontal shading device – Kref is characterized by the process of light reflection from the ground or from another adjacent reflective surface onto the lower surface of the horizontal shading element and from the shading device surface to point O, which is in the center of the window. This process is characterized by reflections between perpendicular and parallel planes. The reflected illumination at the O point is expressed in two stages:

· The first stage is reflection from the first reflective surface on the horizontal shading device, characterized by reflection between two parallel planes.
The reflected surface must be divided into elementary sections S = x. y  and sum the amount of reflected light from each of the sections of the reflected surface to each of their calculated points in the center of similar elementary sections (Fig. 4(a)):

	
	(9)



-	The second stage is reflection from the horizontal shading device onto the window, characterized by reflection between two perpendicular planes. 
For a 2D-long and Lov - wide horizontal single blade, expression for reflected illuminance is:

	
	(10)



where 
E1 is the diffuse illuminance from primary reflectance, Lux;
Е2 is the diffuse illuminance from bottom surface of the blade, Lux;
1 is the primary reflectance (from the ground or the blade); 
2 is the secondary reflectance (from the blade); 
l  is the range of primary reflecting plane, m;
h2 is the distance between the reflected point E2 and the calculated point O along the perpendicular line, m.
h1 is the distance between the reflected point E1 and the calculated point E2 along the perpendicular line, m.
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(a)
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(b)

Fig. 4. (a), (b). Illustration of the calculation of the emissivity between the surface of the sun-shading element and point O at the center of the window for the proposal of Kref.


3. Results and Discussion

To obtain the emissivity о.shad, the ratio of the differential of the window area at the center point (dFo) and the differential of the shading device’s area (dFczu) was proposed as shown in Fig. 3, like the ratio of the projection area of the solid angle “”, projected onto the surface of the window glazing to the value “”:

	
	(11)



Obtained from two equilateral triangles (dFо.0.dFczu ) and (dFо.C.dFczu): ; ; ; It can be drawn that:

	
	(12)



Formula (12) can be derived as:


	

	(13)


     
where
D is ½ lengths of shading device, m; 
Lov is the width of the shading device, m; 
[bookmark: _Hlk35007013]a is the distance from the top of the window to the surface of the sun-shading device, m;
h is the distance from calculated point O to the surface of shading device: h=H/2+a with horizontal shading device; h=B/2+b with vertical shading device. 
The coefficient, presented for infinite horizontal and vertical, as well as for combined shading devices were proposed in [32, 33] and included in the manual 2.91 to SniP 2.04.05-91 (1993) [37]. From the general formula (13), for a finite horizontal shading device with a length 2D, the coefficient of diffuse radiation reduction - Kshad into the space in the presence of final horizontal shading device is developed on the studies [38-40].  Since the beams of the diffuse radiation are centripetal, it is essential to specify the origin on the window surface to calculate Kshad (Fig. 5) and developed:

	


	(14)





[image: ]
Fig. 5. The part of the sky shaded by the horizontal shading device.





The reflectance coefficient caused by a finite horizontal blade can be estimated with:

	
	(15)



where
Diffuse illuminance at the surface of window with the shading device is calculated:

	
	(16)



Reflectance illuminance from shading device is defined:

	
	(17)



with:

	
	(18)



Components reflected from the ground part with a length of 2d and a width of l:

	
	(19)


With

[bookmark: DSIEqnMarkerEnd]
         (20)
Finally, the light reflected with a finite shading device with a length of 2D, width L (Fig. 4) could be obtained with Kref :

	
	(21)





[bookmark: _Hlk6431804]where [F(D)-F(0)] according to the formula:
	

	(22)



[F(l-b)-F(-b)] according to the formula:

	


	(23)



F(d)-F(0)] according to the formula:

	
	(24)



The improved formula (1) has the form:
	
	(25)



where
; The coefficient τ4 in formula (4) is replaced by Kshad and Kref.
h = H/2+a; 
h1 is the distance between the reflected point E1 and the calculated point E2 along the perpendicular line, m; 
h2 is the distance between the reflected point E2 and the calculated point O along the perpendicular line, m. 
h3 is the distance between the reflected point E1 and the calculated point O along the perpendicular line, m;
d is 1/2 first reflective surface length, m
l is the width of the first reflective surface, m
b is the distance from the calculated point E2 (in the center of the shading element surface) to the inner border of the shading device, m.
To evaluate the effectiveness of the two coefficients Kshad and Kref  in daylighting calculation, use formula (14) and (21) to calculate these coefficients in the case of a window with the height H=1.8 m; shaded by a horizontal sun-shading device with length 2D=1 m and horizontal depth varies from 0.1 ÷ 1 m.   Three cases of coefficients 1 and 2 were examined:
· Case 1: coefficient of reflectance 1 = 2 = 0.5
· Case 2: coefficient of reflectance 1 = 0.8, 2 = 0.5
· Case 3: coefficient of reflectance 1 =0.5, 2 = 0.8
The results of calculation represented below:



	with a high reflectivity of  the ground surface
with a medium reflectivity of the ground surface
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	Fig. 6. The results of impact of the Kshad and Kref depend on the horizontal shading device’s width and the reflectance coefficient 1, 2.




Discussion
The correction of ERC components by two proposed coefficients Kshad and Kref helps completing the method of evaluating daylight with Daylight Factor when considering shading devices or affecting adjacent surfaces. The research results have been analyzed through the effect of each coefficient on the daylight assessment. Based on the Fig. 6, these comments can be given: 
- When horizontal depth of the shading device increases from 0.1 to 1 m, Kshad decreases from 1 to 0.83, 
While Kref  increases slightly. In the case the coefficient ρ1 has low value, Kref increases very slightly; when ρ1 reaches 0.8, Kref  begins to be significantly affected up to 15%.
- Under the CIE overcast sky, this formula shows that the coefficient of shading Kshad has the main influence, although at a high brightness of the intermediate sky, reflecting the value of Kref would also be significant. It is expected that under the intermediate sky with sun, the shading devices can significantly increase the reflected illumination into spaces, which are located on the ground floor. 
The proposed daylight calculation with impact of sun-shading devices for the Russian standard developed based on the original formula can have certain advantages: 
· Evaluating daylight by relative value (in this case, Daylight Factor) helps solving problems upon the requirement of windows design and the calculation of daylight performance. 
· The original formula allows us to consider the impact of Obstruction Components (the opposing buildings). The determination geometric Daylight Factor by graphics Danhilux, in which the sky was divided into 10.000 patches confirmed exact results of calculation. The development of the original formula with the proposed coefficients taking into account the impact of the shading devices allows programming to calculate the Daylight Factor with different sizes and any reflectance values of the shading surfaces. 
The proposed methodology was approved and compared with the Design Builder computer program (Radiance engine); Russian Standards; and measurements on the physical model. The results show the best agreement of the proposed method with the experiment (Fig. 7). The measurement and theory calculation accept under the Overcast Sky condition in Russia.
According to the proposed method, the Daylight Factor performance in space can be calculated under the condition of cloudy, as well as under the condition of an intermediate sky, taking into account the reflection of skylight with real diffuse horizontal illuminance from adjacent surfaces to the room. The second condition will be obtained in the futher works.
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	a) coefficient of reflectance F:W:C
0.22:0.40:0.88
	b) coefficient of reflectance F:W:C
0.40:0.40:0.40
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	c) coefficient of reflectance F:W:C
0.88:0.88:0.88
	d) coefficient of reflectance F:W:C
0.22:0.22:0.22


	 
	Experiment
	Proposed method
	Russian Standards
	Design Builder

	ref.points
	1
	2
	3
	1
	2
	3
	1
	2
	3
	1
	2
	3

	Coefficient of reflectance Floor:Walls:Ceiling 0.22:0.40:0.88

	DF, %
	 13.65 
	   2.59 
	   1.24 
	 16.79 
	 2.76 
	 1.01 
	 18.68 
	 3.07 
	 1.13 
	 10.06 
	 2.34 
	 1.13 

	Coefficient of reflectance Floor:Walls:Ceiling  0.40:0.40:0.40

	DF, %
	 17.02 
	   3.39 
	   1.80 
	 18.11 
	 2.98 
	 1.09 
	 18.68 
	 3.07 
	 1.13 
	 11.61 
	 2.82 
	 1.35 

	Coefficient of reflectance Floor:Walls:Ceiling 0.88:0.88:0.88

	DF, %
	 27.48 
	 10.90 
	   7.74 
	 32.41 
	 8.79 
	 5.39 
	 26.07 
	 7.07 
	 4.33 
	 18.44 
	 8.28 
	 5.52 

	Coefficient of reflectance Floor:Walls:Ceiling  0.22:0.22:0.22

	DF, %
	 11.72 
	   1.26 
	   0.30 
	 12.85 
	 1.14 
	 0.19 
	 16.19 
	 1.26 
	 0.22 
	   9.40 
	 1.35 
	 0.44 


[bookmark: _Hlk73652939]Fig. 7. Results of the DF study with a cloudy sky, in Moscow, on June 26th at 14:00.


4. Conclusions and Future Work

In the paper, the limitations of the estimation method introduced in the Russian standards when assessing daylight performance of the side-lighting affected by shading devices were discussed.  The use of coefficient 4 and considering the significantly reducing amount of light due to sun-shading devices result in imprecise evaluation of daylight efficiency. 
The study proposes a method for evaluating daylight with the correction of the coefficient 4 in the Russia standard with coefficients that consider shading and light reflection from the horizontal shading devices. It is propounded to solve the calculation of determining the shading and reflection coefficients of direct diffuse illumination from the sky and light reflection from the horizontal shading devices using the coefficients Kshad and Kref with specific parameters and finishes. The influences of the protrusion dimension and finished surface of the shading devices with a medium and high reflectivity were analyzed. The results show that under the overcast, the value Kshad has more effect on the calculation while the Kref is only obviously affected when using the first reflective surface with high reflectivity.
Improving the accuracy of the daylight calculation with impact of sun-shading devices allows us to assess daylight in the buildings in hot and tropical regions, where the architecture and the enclosure structures are characterized by openings with sun-shading devices as the most effective elements for blocking direct sunlight, resistance heat radiation in the room and increase visual comfort. Further research should be devoted to determining the values of Kshad and Kref for various types of shading devices and consider the impact of the Sunlight.
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