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Highlights:
· The indoor light environment of typical traditional cave dwellings in Northern China has been studied
· In existing traditional cave dwellings, both the illumination and uniformity of light are extremely poor.
· The factors and laws affecting the light environment in cave dwellings were analyzed and the improvement suggestions were given.
· Simulation analysis shows that the proposed suggestions can effectively improve and optimize the light environment of the cave dwellings. 

Abstract: The indoor light environment in the traditional cave dwelling architecture that is still widely used today is generally poor, which seriously affects the comfort and health of residents. In order to examine the indoor light environment of cave dwellings, the parameters of indoor illuminance, daylighting coefficient and illuminance uniformity are investigated by illuminance tester. It is found that in natural lighting, the indoor illuminance and daylighting coefficient of cave dwellings at 12:00 P.M. are only 150.5 (lx) and 1.35%, respectively. The illuminance uniformity is very small, which must be improved to enhance the living standards of the inhabitants. By conducting simulation research for influencing factors (daylighting coefficient and window area, window sill height and glass transmission ratio, window-to-floor ratio) of the light environment in the cave dwelling with Ecotect Analysis software, the simulation results showed that the illuminance and daylighting coefficient of the kiln house during natural lighting were increased by 64.4% and 105%, respectively. However, the light uniformity is still low, and artificial light sources should be added as a supplement. The effect of surface-mounted artificial light sources was better, which could increase illuminance uniformity and mixed illuminance uniformity by 363.3% and 358.3%, respectively, ensuring the uniformity of indoor illuminance.
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1. Introduction 
As a natural energy-saving building, cave dwellings are warm in winter and cool in summer. This type of building can effectively use the heat energy and heat storage capacity of the soil layer in order to save energy and improve living comfort, which makes it a unique treasure of ancient Chinese architecture (Z. Zhao, 2010; Z. Zhi, 2009). The earliest cave dwellings in China appeared in 2200 BC, and today more than 40 million people still live-in cave dwellings (F. Wang, 2002). In western Henan, China, the climate is dry and cold in winter and hot in summer, and the loess cover is thick, which is very suitable for the use of cave dwellings. There are numerous caved dwellings in this area. Cave dwellings have the advantages of natural environmental protection, thermal insulation, energy conservation and sound insulation and so on. However, their unique structural form allows light to only enter from one side. As a result, natural light indoors is insufficient, leading to adverse effects on the physical and mental health of residents (M. Figueiro, 2014; G. McEnany, 2005). Therefore, it is necessary and important to conduct research on the indoor light environment of traditional cave dwellings. This work has significant practical significance for improving the living conditions in traditional cave dwellings, promoting the physical and mental health of the residents, and making better use of ancient architecture.
Scholars have conducted many studies on the indoor light environment of buildings. M.Canazei et al. (2017) studied the effect of artificial skylights in windowless office environments, suggesting that daylight replacement technology can profoundly affect people's emotional state. Z.Cui et al. ( 2020) constructed an experimental environment simulating natural light and found that indoor background brightness has a large impact on emotions. A.Kuijsters et al. (2015) found that a well-lit environment has a positive effect on negative emotions. J.Yi-kai et al. (2022) studied the influence of lighting and other factors on the classroom learning environment, pointing out that the change of lighting has a significant impact on the attention level of subjects, and is more likely to affect the anxiety level of subjects. J. Morales-Bravo & P. Navarrete-Hernandez (2022) found that the overall reduction of direct and indirect natural light entering the room would have a potentially harmful impact on emotional subjective well-being. They recommended that residential constructions should make the most of windows that face the equator. J.Xu et al. (2021) analyzed the influence of an artificial light source on night sleep and established a relationship between human health and the light environment of the building. J.Ju et al. (2021) found that the light environment has a significant impact on the health of human eyes based on the research of indoor light conditions and light use habits and presented suggestions for improving indoor light environment. The research mentioned above indicated that the indoor light environment of buildings is closely related to the physical and mental health of the residents.  Therefore, it is important to study and improve the poor light environment in cave dwellings in order to improve the lifestyle of millions of people living there.
There are many factors that affect the indoor light environment of buildings. Z.Kong et al. (2018) has shown that the height of the window, the distance between the workstation and the window and the seat direction significantly influence the employees’ satisfaction with the light environment. J.Potonik et al. (2021) found that the window to wall ratio, the glass transmission and the window form are the most significant factors affecting the indoor light environment. I.Maachi et al. (2019) investigated the occupants of a building in Algeria and found that floor height, location and size of windows, and curtains can greatly affect indoor natural light. N.Abdollahzadeh et al. (2020) found that increasing the reflectance of a partition panel in an open office can compensate for the decrease in daylight caused by increasing the partition height. X.Niu et al. (2017) analyzed the influencing factors of the indoor light environment. By using evaluation indices such as daylighting coefficient, illuminance and brightness ratio they suggested that the regulation of illuminance, uniformity and glare should be strengthened in order to improve the quality of the indoor light environment. F.Soflaei et al. (2020) found in their parametric study of the courtyard residential design simulation model that the most ideal window type can improve the thermal comfort by 6.1%.
Modern architecture takes into account the impact of indoor light on the residents during the design phase. However, due to the limit of design and construction techniques at the time traditional buildings had poor natural lighting. Some scholars have conducted empirical research and studies on the improvement of indoor light environment in traditional dwellings. F.Xu et al. (2019) found that the deep design of traditional residential buildings resulted in insufficient natural lighting and proposed an active natural lighting system. L.Yu et al. (2017) conducted a numerical simulation of the indoor light performance of traditional dwellings in southern Shaanxi and found that large eaves lead to poor indoor light environment. R.Zheng et al. (2020) studied the climate responsiveness and indoor comfort of traditional buildings in the alpine area of Zhejiang province during the rainy season in early summer and found that indoor light quality and comfort were not up to standard. Z.Duan et al. (2019) studied the daylighting in the courtyard area of residential houses and found that the cleanliness of the interior wall and the reflection ratio of decoration materials are closely related to the indoor light environment. Y.Li et al. (2019) adopted a temporal test and proposed a strategy to optimize the indoor light environment in terms of daylight opening, interior decoration and light, roof daylighting and other aspects of traditional Hui-style architecture. L.Li (2017) analyzed daylighting in Hani dwellings across various Yunnan Environments and suggested improvements through window design and new materials Y.Li et al. (2012) analyzed the indoor light environment of traditional houses in Chongqing from the perspective of illuminance uniformity and daylighting coefficient and suggested a strategy for improving natural light performance. J.Tan et al. (2014) conducted lighting parameter experiments on Ming and Qing Dynasty residential buildings in Xiaogan, Hubei province. They investigated how courtyards affected the lighting conditions within buildings. Additionally, they investigated using this impact mechanism in atrium areas. There are currently few studies on the indoor light environment of cave dwellings. Y.Zhou et al. (2019) investigated the cave dwellings in the Luoyang area and  proposed improvement measures such as adding a sunshine room on the entrance side of the cave dwellings and increasing the area of south-facing windows to facilitate daylighting at the rear of the cave dwellings. Z.Han et al. (2018) measured and simulated the indoor natural light environment of the cave dwellings and presented proposals for improving the quality of the indoor light environment in terms of the depth, height and form of windows. Y.Liu (2015) conducted a daylighting simulation of freestanding cave dwellings in the Weibei plain and made suggestions for improving the indoor light environment, such as reducing the depth or increasing the window-to-floor ratio. Y.Li et al. (2013) measured and simulated the light environment of stone arch cave dwellings in a small village of Diantou. Previous research has shown that traditional cave dwellings have small daylight openings, deep depths, and weak indoor lighting. These studies suggested increasing the size of openings, applying light colored paint on interior walls, increasing the height of windows, etc., to improve the lighting environment. Since the natural light environment of traditional dwellings can hardly meet the light standards, it is necessary to improve the indoor light environment by adding artificial light. X.Liao et al. (2012) studied indoor lighting in traditional dwellings in the rural areas of the Weihe plain. Researchers have found that the indoor light environment quality is poor, and residents generally do not give enough attention, which requires the use of artificial light for additional improvement. Y.Zhang (2019) studied the layout and interior decoration materials of traditional residential buildings in Lingnan area and proposed a reasonable improvement strategy for artificial light. R.Alelwani et al. (2020) found that adding shading devices to traditional residential buildings could optimize the use of artificial light.
In summary, many scholars have conducted research on the indoor light environment of residential buildings and have obtained fruitful results. However, research on the unique architectural form of cave dwellings is still relatively scarce, and existing studies have focused more on surveys and measurements of cave dwellings with insufficient discussion and analysis of improvement measures. There is also a lack of research on the artificial light environment of cave dwellings. Therefore, this study selected typical cave dwellings in western Henan as the research object, conducted on-site testing to understand the current situation and problems of indoor light environment, analyzed the main influencing factors and laws of indoor light, proposed improvement measures and suggestions, and conducted comparative verification. The aim is to provide guidelines and reference for the optimization and transformation of the indoor light environment of cave dwellings.
2. Materials and methods 
The test site is located in Hanzhai Village, Luoyang City, West Henan province. The test object is cliff cave dwelling, which is the most common cave dwellings style in that region. Due to the fact that the cave dwellings on steep cliffs can only be connected to the outdoor environment through one door, the area of light entry is limited, and the indoor lighting environment quality is generally poor, seriously affecting the comfort and even physical and mental health of residents. To address this issue, this study proposes suggestions for improving the indoor lighting environment of cave dwellings based on field research and measurement, and verifies the feasibility of these suggestions through simulations.
2.1. Research method of field measurement
The specific location of the test site is 112°25' E and 34°39' N, belonging to the transitional climate zone from the northern subtropical to the warm temperate zone, with significant seasonal, continental, and climatic diversity. The test site is in the third level daylighting area in China's light climate zoning (Standard for lighting design of buildings GB 50033-2013), and the average daylighting coefficient is 1.00.
The measured length, width and height of the cave dwelling are 5×3×3 m, respectively. A parapet is placed above the top of the cave, and the entrance to the cave is an iron gate with a strip window. There is an eave outside the entrance to the cave, and the inner wall of the cave is made of brick arch and white cement with a concrete bottom. The indoor environment of the cave dwelling is shown in Figure 1.
[image: ]
Figure 1. Inside the measured cave dwelling
Each measuring point is evenly distributed in the form of a network inside the cave dwelling, which is divided into four columns (K1-K4) along the direction of the cave dwelling, and five measuring points are distributed along the depth of each column, so that a total of 20 measuring points (K1-1-K4-5) are arranged. The distribution of the measuring points is shown in Figure 2. The test points were set 0.75 m above the floor. The illuminance tester was used to collect indoor illuminance at different measuring points. The data collection time was from 9:00 to 18:00, every three hours, and the test was repeated three times for each measuring point, and the average value was taken. During the test, data were collected under three different conditions, i.e., condition 1, condition 2 and condition 3 (see Table 1), for comparative analysis.
[image: ]
Figure 2. Distribution diagram of indoor test points
Table 1. Test conditions
	Conditions
	Test time
	Working condition

	1
	9:00-18:00
	Natural light (open doors and turn off lights)

	2
	
	Artificial light source (close the door and turn on the light)

	3
	
	Natural light and artificial light source (open the door and turn on the light)


2.2. Simulation of the indoor light environment
Ecotect Analysis is a design aid tool for performance analysis and optimization of building technologies that simulates and analyzes photophysics. In this study, the Ecotect Analysis software was used to simulate the indoor light environment of the cave dwelling and analyze and study the factors that affect natural light and the light environment combined with artificial light.
2.2.1. Simulation of factors affecting natural lighting
In order to improve the light environment of cave dwellings, the factors and laws that affect lighting of cave dwellings should first be studied. The natural lighting of cave dwellings mainly relies on the door at the entrance of the cave, and with increasing depth, the lighting deteriorates sharply. According to the survey and analysis, the main factors affecting nature lighting are the depth of the cave dwellings, the window area, the window-to-floor ratio (the ratio of the window area to the floor area of the room), the height of the window sill and the visible light transmission of the glass.
[image: ]Based on the measured 3D model of cave dwelling, this paper studies the effect of window area (s), window-to-floor ratio (wf), window sill height (h), glass transmission (α) and depth (d) on the indoor daylighting coefficient through simulation, in order to provide a reference for the optimization and selection of light design. A 3D model of the measured cave dwelling constructed by Catia software is shown in Figure 3. 
Figure 3. 3D model of the measured cave dwelling
The indoor light environment of cave dwellings is closely related to transmission (α) and reflection ratio (ρ1) of window glass, pollution reduction coefficient (τw) of glass, light blocking reduction coefficient (τc) of window structure, and reflection ratio (ρ2) of cave wall and floor materials, which is also a parameter required for simulation. Table 2 shows the values of the parameters determined in the survey. 
Table 2. Values of parameters required for simulation
	Structure categories
	Parameter
	Numerical value

	Window glass
	Ordinary glass reflectance ratio 
	0.15

	
	Transmission 
	0.64

	
	The pollution reduction factor 
	0.75

	Window construction
	The window light reduction factor
	0.80

	Inner wall and roof (White paint)
	Reflectance ratio 
	0.75

	Floor (Concrete pavement)
	Reflectance ratio 
	0.20


The 3D model of the cave dwelling (Figure 3) was added into Ecotect Analysis software. The meteorological parameters and dates were loaded, and the setting values of relevant parameters such as glass, the inner wall of the cave dwelling, and the roof were kept consistent with the measured values. A plane was selected for analysis at a height of 0.75 m above the floor, and the plane was meshed with grids of 60×30×30 for the analysis of natural illuminance and daylighting coefficient.
[image: ]The Design code for residential buildings (GB 50096-2011) stipulates that the light level of Class III residential buildings must not be less than 14.3% of the wf of the light window openings of bedrooms, living rooms (halls) and kitchens. The measured wf of the cave dwellings is only 4.1% which is far less than the code requirements. To achieve the specified wf, combined with the Design code for residential buildings (GB 50096-2011) and the actual local situation, the cave dwellings were transformed into the form shown in Figure 4, the eaves and wall stacks were removed, and a semi-circular fixed upper window with an area of 2.716 m2 was added, and the size of the door was set to 2.0×1.2 m. Due to the height limitation of the cave dwellings, the local value of the window height is generally fixed, the window sill height (h) is set to 1.2 m in this simulation, and the window area is adjusted by changing the window width for the different window areas of the study as given in table 7.
Figure 4. 3D model of the modified cave dwelling
2.2.2. Simulation of the light environment in combination with artificial light 
According to the requirements of the Standard for lighting design of buildings (GB 50034-2013) for the limit of the light power density of each household in residential buildings, the standard value of light inside the cave dwellings is set as 100 lx. This simulation adopts a hanging bulb fluorescent lamp. The number of lamps is taken as 1, 2, 4, and 6, respectively, of which the lamp utilization coefficient (CU) is 0.7, the maintenance coefficient (K) is 0.8, and the light effect of fluorescent lamp is 60 (lm/W).

Table 3.  Number of light sources, light flux and power
	Quantity of lamps (unit)
	Single luminaire flux (lm)
	Single lamp power (W)

	1
	2500
	40

	2
	1250
	20

	4
	625
	10

	6
	417
	7


The analysis of the daylighting coefficient is based on natural light conditions and does not refer to the case of artificial light sources. Therefore, illuminance will be used to analyze the indoor light environment in combination with artificial light sources. According to the standard value of indoor light, working surface area, lamp utilization coefficient and maintenance coefficient, the luminous flux and light source power required in the cave dwelling are calculated to be 2500 lm and 40 W, respectively. The number, luminous flux and power of light sources are shown in Table 3, and the arrangement of artificial light sources of different power is shown in Figure 5.
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(a) Form 1: 40W artificial light source
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(b) Form 2: 20W artificial light source
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(c) Form 3: 10W artificial light source
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(d) Form4: 7W artificial light source

	Figure 5. Arrangement of artificial light source (Dimension unit: mm)


3. Results and analysis of actual measurement and simulations

3.1. Measurement results and analysis
Referring to the light standard for residential buildings in the Standard for lighting design of buildings, the indoor daylighting coefficient of cave dwellings should not be less than 2.0% (Qi, 2024). The minimum indoor natural illuminance should not be less than 300 lx, and the design goal should be 400 lx (Michael, 2020; Payedar-Ardakani, 2024).
3.1.1. Temporal analysis of the indoor light environment of the cave dwelling
The indoor light environment of the selected cave dwelling was tested within six days starting on July 16, 2020. The average indoor illuminance values for each condition at different times during the six days are shown in Table 4.
Table 4 Measured average illuminance in the cave dwelling (lx)
	Time
	 Condition 1
	Condition 2
	Condition 3

	9:00
	100.6
	27.1
	126.6

	12:00
	150.5
	
	172.7

	15:00
	125.0
	
	154.7

	18:00
	25.5
	
	51.4


As can be seen from Table 4, the average illuminance of condition 3 is approximately equal to the sum of the average illuminance of condition 1 and condition 2, which indicates that the illuminance value in the room follows the principle of linear superposition, and also proves that the measured data is accurate and reliable. In the condition 1, the average indoor natural illuminance is much lower than the standard value required by the indoor light specification. Even with the addition of artificial light sources (condition 3), the average indoor illuminance is less than 300 lx, which does not meet the light design standards of residential buildings, and the overall quality of the light environment is poor. This is due to better light conditions in summer and worse light conditions in winter.
The variation of average illuminance for different days at different depths in condition 1 is shown in Figure 6.
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   (a) 9:00 A.M.
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      (b) 12:00 P.M.
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    (c) 15:00 P.M.
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    (d) 18:00 P.M.

	Figure 6. The relationship between depth and average illuminance for each test date


Figure 6 shows that the average indoor illuminance is different during the test period, but the overall pattern of change is relatively similar. At a depth of about 1.5 m, the illuminance value at all times showed an obvious inflection point, changing from a sharp decline stage to a slow decline stage. When the depth reached 2.5 m, the illuminance value basically stabilized. Only when the depth of the cave dwelling is less than 1.5 m, the illuminance value can reach the minimum required value of 300 lx, which indicates the poor overall indoor daylighting, especially the middle and back parts of the cave dwelling, which cannot meet the minimum daylighting standard.
Because the declination and exact time difference of a certain day need to be calculated when analyzing the solar time angle, and the data on July 20 is close to the average value of the data during the testing period, the data of this day is taken as a representative. Furthermore, the condition 1 is used as an example for the analysis of the indoor light environment of the cave from the temporal perspective and the indoor illuminance is analyzed along the depth (d) and bay direction at four moments (Figure 7).
	[bookmark: _Hlk166423157][image: ](a) 9:00 A.M.
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(b) 12:00 P.M.
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(c) 15:00 P.M.
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(d) 18:00 P.M.

	Figure 7. Illuminance distribution at different times


Figure 7 shows that the illuminance distribution at different times is generally similar, showing a parabolic shape. Illuminance reaches its maximum value at the entrance of the cave dwelling, where it is located in the middle of measurement points K2 and K3 along the bay direction. The downward trend is shown along the depth and bay direction. The maximum illuminance during the day occurs at 12:00, then at 15:00, 9:00 and 18:00, which is related to the change in the solar altitude angle.
The true solar time (T) at a given location can be calculated using Equation (1) as follows：
	
	
	(1)


Where;
Tm is the mean solar time of the time zone, in h.
LLm is the difference between the longitude of the local meridian and the longitude of the central meridian of that time zone (constant positive value), in deg.
e is time difference, in min.
When the true solar time (T) is expressed in angles, it is called the solar time angle, referred to as the time angle (h). It can be calculated using Equation (2) as follows:
	
	
	(2)


The solar altitude angle (β) can be calculated using Equation (3) as follows:
	
	
	(3)


Where;
 is the local geographical latitude, in deg;
 is the solar declination of the day, in deg.
The test site (Hanzhai village) is located in Luoyang city and belongs to the eighth eastern district. Tm is Beijing time, longitude and latitude are 34°39′ and 112°25′, respectively, so L is 112.42°, Lm is 120°, and the time difference on July 20 is 6 minutes and 53 seconds. According to Equations (1-3), the solar altitude angle at different times can be calculated as shown in Table 5.
Table 5. Average values of solar altitude angle and natural light illuminance at different times
	Time
	
	Solar altitude angle 
	Indoor natural light illuminance average

	9:00
	0.685
	43.24°
	100.6

	12:00
	0.965
	74.80°
	150.5

	15:00
	0.786
	52.75°
	125.0

	18:00
	0.277
	16.08°
	25.5


The calculation results show that the natural light illuminance in the room at different times is positively correlated with the local solar altitude angle. At noon, when the solar altitude angle is the largest, the room receives the most natural light. The higher the solar altitude angle, the higher the natural light illuminance, and vice versa. Figure 8 shows the relationship between the average value of indoor natural illuminance and the angular β of the sun's altitude.
	[bookmark: _Hlk166423264][image: ]


Figure 8. Average indoor natural light illuminance versus solar altitude angle
The average indoor natural light illuminance (AI) and the angle of the sun altitude (β) show a logarithmic function relationship AI=aln(β)+b, where a=81.643, b=-202.19, correlation coefficient R2=0.996, and the fitting error is small (Figure 8). This empirical formula can be used for the prediction of the illuminance value of indoor natural light based on the solar altitude angle.
3.1.2. Analysis of the indoor light environment of cave dwelling from the perspective of conditions
As an example, the illuminance distribution of each condition at 12:00 P.M. is shown in Figure 9. The illuminance curve of line K3 at 12:00 P.M. under different conditions is shown in Figure 10.
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(a) Condition 1
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(b) Condition 2
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(c) Condition 3

	Figure 9. Illuminance distribution of three conditions


The distribution of indoor light illuminance under all three conditions is extremely uneven (Figure 9). Conditions 1 and 3 have higher illuminance at the opening of the cave door, and with the increase in depth, the illuminance value drops sharply, far from reaching the daylighting standard. Since the indoor light source is set at about 3.5 m the depth of K2-4 test point, the illuminance distribution of condition 2 is significantly different from the other conditions. In other words, the average illuminance of condition 2 is much lower than that of other conditions, indicating that natural light plays a major role in the indoor light environment at noon.
	[image: ]
Figure 10. Illuminance curves under different conditions


As can be seen from Figure 10, even under sufficient sunlight at 12:00 P.M., the K3 measuring line cannot meet the standard value of indoor lighting intensity for residential buildings under all three conditions. At a depth of about 1.5 m, the conditions 1 and 3 reach the inflection point, shifting from a slow increase to a sharp decline, and the illuminance value of condition 3 is stable at about 50 lx. The illuminance values for the three conditions in the same position show that the artificial light source has an additional superposition effect on the indoor illuminance, but the artificial light source is located at a single point, too concentrated, so the illuminance uniformity is not good and night lighting requirements cannot be satisfied. Therefore, it is necessary to pay attention to the optimization of the arrangement of artificial light sources in order to achieve better light.
In summary, on-site measurements show that at least 2/3 of the indoor space of the cave dwelling cannot meet the current national daylighting standards. Even if natural light is combined with artificial light sources, it still cannot meet the requirements of indoor illuminance. This can be due to that Artificial light source are overly concentrated and unevenly distributed, while natural light penetration is limited by deep interiors and small apertures. Moreover, non-reflective surfaces absorb light instead of dispersing it, and the low strength and quantity of light sources cannot make up for inadequate sunshine. Furthermore, the uniformity of indoor illuminance is relatively poor, and the indoor lighting environment needs to be improved.
3.2. Simulation results and analysis
To study the influencing factors and laws of the indoor light environment of cave dwellings, and to provide suggestions for improving the light environment, the simulation results and analysis conducted in this study are as follows.
3.2.1. Modeling and comparison with measured data
Taking the condition 1 as an example, a comparative analysis of the simulation and measurement is performed, i.e., the rationality of the model and the daylighting coefficient and illuminance results of the simulation are investigated and shown in Figures 11 and 12. The simulation results are compared with the measured data and the error between the two is calculated, and the results are shown in Table 6.
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(a) Distribution of daylighting coefficient
	[image: ]
(b) Daylighting coefficient ratio

	Figure 11. Simulated condition 1 daylighting coefficient distribution and percentage
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(a) 9:00 A.M.
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(b) 12:00 P.M.
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(c) 15:00 P.M.
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(d) 18:00 P.M.

	Figure 12. Simulation of the illuminance distribution under different times of condition 1


Table 6 Error analysis table of measured and simulated errors
	Time
	Illuminance average (lx)
	Daylighting coefficient (%)
	

	[bookmark: _Hlk155267405]
	Measured
	Simulation
	Error
	Average error
	Measured
	Simulation
	Error
	Average error

	9:00
	100.6
	99.97
	0.63%
	5.18%
	1.27
	1.36
	7.1%
	4.89%

	12:00
	150.5
	164.99
	9.6%
	
	1.35
	
	0.74%
	

	15:00
	125.0
	133.67
	6.9%
	
	1.29
	
	5.4%
	

	18:00
	25.5
	24.58
	3.6%
	
	1.28
	
	6.3%
	


The simulation results show that the indoor daylighting coefficient of the cave dwelling is small, and 83.93% of the daylighting coefficient is below 2%. The overall indoor light environment is poor, which does not meet the building’s daylighting standard. It can be seen from Table 6 that the average difference between the simulated value and the measured data of indoor daylighting illuminance and daylighting coefficient was 5.18% and 4.89%, respectively. Overall, the distribution law of the simulated indoor illuminance is basically consistent with the measured data, i.e., the difference values are relatively similar, and the simulation results are reasonable and reliable. Therefore, it is feasible to use the above-mentioned simulation method to investigate the light environment of cave dwelling.
3.2.2. Simulation analysis of factors affecting natural lighting
The window size and the depth of cave dwellings are key factors that affect daylighting. Therefore, this study will investigate the influence of each factor on the daylighting coefficient at different depths by changing the window area, window sill height, and window glass transmission of the cave dwelling.
(1) The effect of window area, window-to-floor ratio and depth on the daylighting coefficient
When the window sill height is 0.8 m and the glass transmission is 0.8, the simulation conditions for the influence of window area, the window-to-floor ratio and depth on the daylighting coefficient are shown in Table 7, and the simulation results are shown in Figure 13.
Table 7 Simulated conditions of the effect of window area, window-to-floor ratio and depth on daylighting coefficient
	[bookmark: _Hlk116826739]Window size (height×width)
	Window area s（m2）
	Window-to-floor ratio wf（%）

	
	
	d=4.0 m
	d=5.0 m
	d=6.0 m
	d=7.0 m
	d=8.0 m

	1.2m×0.8 m
	0.96
	32
	26
	22
	19
	17

	1.2m×1.0m
	1.20
	35
	28
	23
	20
	18

	1.2m×1.2m
	1.44
	37
	30
	25
	21
	19

	1.2m×1.4m
	1.68
	39
	32
	26
	22
	20

	1.2m×1.6m
	1.92
	41
	34
	27
	23
	21


	[image: ](a) Distribution of daylighting coefficient at different window areas and depths
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(b) Relationship between daylighting coefficient and window area at different depths
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(c) Relationship between daylighting coefficient and cave depth at different window areas
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(d) Relationship between daylighting coefficient and window-to-floor ratio at different depths

	Figure 13. Relationship between indoor daylighting coefficient and window area, depth and window-to-floor ratio


Figure 13(a) shows that the daylighting coefficient increases linearly with the increase of window area at different depths. As the depth decreases, the daylighting coefficient increases, and the slope of the relationship line increases from 0.117 to 0.219, indicating a faster increase in the daylighting coefficient. However, after a depth of over 7 m, the slope of the curve is almost parallel, and the increase in the daylighting coefficient remains constant. The daylighting coefficient decreases quadratically with the increase of depth at different window areas (s) (Figure 13(b)). However, when the window area (s) is 0.96 m2, the curve becomes flat and the rate of decrease in the daylighting coefficient slows down (Figure 13(b)). Figure 13(c) shows that the daylighting coefficient increases linearly with the increase of the window-to-floor ratio at different depths. When the depth is between 4 and 6 m, the daylighting coefficient at different window-to-floor ratios can reach the minimum standard of 2%. If the window-to-floor ratio is less than 22% and the depth is between 7 and 8 m, the daylighting coefficient is between 1% and 2%, which is difficult to meet the indoor lighting requirements.
Under the joint influence of cave depth and window area (Figure 13(d)), the daylighting coefficient increases linearly with the increase of the window area. The greater the depth, the faster the daylighting coefficient increases with the increase of window area. This is more obvious when the depth is greater than 6 m. Considering the value and change rate of the daylighting coefficient, larger window area and window-to-floor ratio can be adopted, that is, the window area and the window-to-floor ratio should be greater than 1.44 m2 and 20%, respectively.
(2) Effect of window sill height and cave depth on daylighting coefficient
Taking as an example the window size of 1.2×1.2 m and glass transmission α=0.8, the simulated conditions of daylighting coefficient under different window sill heights and cave depths are shown in Table 8. The relationship between window sill height, depth and daylighting coefficient is shown in Figure 14.
Table 8 Simulated conditions of the effect of window sill height and cave depth on the daylighting coefficient
	Window sill height h (m)
	0.4
	0.5
	0.6
	0.7
	0.8

	Cave depth d (m)
	4.0
	5.0
	6.0
	7.0
	8.0
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(a) Distribution of daylighting coefficient at different window sill heights and cave depths
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(b) Relationship between daylighting coefficient and window sill height at different depths
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(c) Relationship between daylighting coefficient and cave depth at different window sill heights

	Figure 14. Relationship between indoor daylighting coefficient and depth and window sill height


Figure 14(a) shows that as the window sill height increases, the daylighting coefficients of different cave depths show a cubic function trend of first increasing and then decreasing. When the window sill height is at 0.4-0.7 m, the daylighting coefficient increases monotonically and reaches its maximum value at 0.7 m, and then decreases. The daylighting coefficients of different window sill heights show a decreasing trend with the increase of depth (Figure 14(b)). The indoor daylighting coefficient is above 2% at depth of 4-6 m but decreases more rapidly; the decrease of daylighting coefficient becomes slower at the depth of 6-8 m, and the value fluctuates around 2%.
Under the joint influence of the depth and the window sill height (Figure 14(c)), the daylighting coefficient first increases and then decreases with the cubic function of the window sill height, and the greater the depth when the window sill height is fixed, the lower the daylighting coefficient. When the height of the window sill is 0.7 m at different depths, the indoor daylighting coefficient reaches the maximum. Accordingly, the window sill height of the cave dwellings should be set at about 0.7 m in order to achieve the best daylighting effect.
(3) Influence of glass transmission ratio and cave depth on the daylighting coefficient
Taking as an example the window size of 1.2×1.2 m and window sill height of 0.8 m, the simulated conditions of the daylighting coefficient with different glass transmission ratios and depths are shown in Table 9. Figure 15 shows the relationship between glass transmission ratio, depth and daylighting coefficient.


Table 9 Simulated condition of the effect of glass transmission ratio on the daylighting coefficient
	Transmission ratio α
	0.65
	0.68
	0.75
	0.80
	0.85

	Cave depth d (m)
	4.00
	5.00
	6.00
	7.00
	8.00
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(a) Distribution of daylighting coefficient at different glass transmission ratios and depths
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(b) Relationship between daylighting coefficient and glass transmission ratio at different depths
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(c) Relationship between daylighting coefficient and depth at different glass transmission ratios

	Figure 15. Daylighting coefficient of each transmission ratio at different depths


Figure 15(a) shows that the daylighting coefficient increases monotonically with the increase of glass transmission at different depths. The smaller the depth, the higher the rate of increase in the daylighting coefficient. When the glass transmission ratio is 0.75-0.8, there will be a more obvious steep increase of daylighting coefficient and then the growth rate will decrease. It can be seen from Figure 15(b) that, the daylighting coefficient decreases linearly with increasing depth under different glass transmission ratios, and the higher the transmission ratio, the higher the value of the daylighting coefficient. The daylighting coefficient of cave dwelling buildings with a depth of 4 m can reach more than 2% when the transmission ratio is 0.65-0.88. The daylighting coefficient of cave dwelling with depth greater than 8 m is less than 2% for all transmission ratios, which cannot meet the requirements.
The daylighting coefficient increases monotonically with the glass transmission ratio under the joint influence of depth and glass transmission ratio (Figure 15(c)). The greater the depth, the slower the rate at which the daylighting coefficient increases with the increase of glass transmission ratio. When choosing the glass transmission ratio for cave dwellings of different depth, we try to choose glass with a higher transmission ratio and take into account the daylighting coefficient change rate under suitable transmission ratio. Cave dwellings with depths of 4 m, 5 m and 6-7 m can prioritize the selection of glass with transmittance ratios of 0.65-0.7, 0.7-0.75, and 0.75-0.8, respectively. Due to the scarcity and high cost of glass types with a transmission ratio of 0.8 or higher, it is difficult to select glass with suitable transmittance for indoor lighting needs in kiln buildings with a depth greater than 8 m. 
Taking into account the window area s, window sill height h, and glass transmission ratio α, it can be found that when the depth of the cave is less than 6m, the window area and window-to-floor ratio are greater than 1.44 m2 and 20% respectively, the window sill height is about 0.7 m, and the glass transmission ratio is between 0.65-0.8, it is more conducive to obtaining a better indoor lighting environment.
(4) Simulation analysis of daylighting coefficient of renovated cave dwelling
Based on the above analysis, a model of renovated cave dwelling with a depth of 5 m, window area of 1.2×1.6 m (window-to-floor ratio of 34%), insulating glass transmission ratio of 0.75 and window sill height of 0.7 m was established in order to quantify the indoor daylighting of the renovated cave dwellings. The simulation results of the indoor daylighting coefficient and the illuminance of the renovated cave dwelling at 12:00 P.M. are shown in Figure 16. Furthermore, a comparison of the indoor illuminance and daylighting coefficient between the renovated and the initial cave dwelling (Figure 3) is shown in Figure 17.
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(a) Daylighting coefficient distribution
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(b) Illuminance distribution

	Figure 16. Distribution of illuminance and daylighting coefficient of the renovated cave dwelling
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(a) Comparison of the percentage of illuminance intervals
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(b) Comparison of the cumulative percentage of illuminance intervals
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(c) Comparison of the percentage of daylighting coefficient intervals
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(d) Comparison of the cumulative percentage of daylighting coefficient intervals

	Figure 17. Comparison of indoor illuminance and daylighting coefficient between the renovated cave dwelling and the initial cave dwelling


Figures 16 and 17 show that the average indoor daylighting coefficient of the renovated cave dwelling reaches 2.79%, which is 105% higher than the coefficient of the initial cave dwelling and can meet the daylighting coefficient requirements for residential buildings in the Standard for lighting design of buildings (GB 50033-2013). The distribution of the indoor daylighting coefficient of the renovated cave dwelling has been reduced from 0-16% of the initial cave dwelling to 0-12%, and the indoor daylighting coefficient is more uniform. The proportion of daylighting coefficient below 2% in the renovated cave dwelling has decreased from 83.93% to 48.71%, a decrease of 42%; the proportion of daylighting coefficient above 2% has increased from 16.07% to 51.29%, an increase of 219%, indicating an improvement in indoor daylighting coefficient. Meanwhile, the average indoor illuminance of the renovated cave dwelling increased from 150.5 lx to 247.37 lx, an increase of 64.4%, and the proportion of daylighting illuminance above 300 lx increased from 13.1% to 20.14%, an increase of 56.5%. In addition, the distribution range of illuminance was reduced from 0-1800 lx to 0-1200 lx, and the uniformity of illuminance was improved. Therefore, it can be seen that the indoor light environment of the renovated cave is more optimized and reasonable, and the quality has been better improved.
3.2.3. Analysis of the indoor light environment combined with artificial light
Although the indoor light environment of the cave residence has been improved, 48.71% of the indoor space still has a daylighting coefficient of less than 2%, and 79.86% of the indoor space illuminance has an illuminance of less than 300 lx. Thus, there is still room for further improvement. Artificial light is a common and important measure to improve indoor light environment. This study has investigated the effect of artificial light on indoor light environment and the effect of different arrangements of light sources on indoor lighting.
According to the arrangement of the light sources in Figure 5, the simulation results of the illuminance and the mixed illuminance of the indoor artificial light source at 12:00 P.M. are shown in Figure 18.
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(a) 40W light source illuminance
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(b) 40W light source mixed illuminance

	[image: ]
(c) 20W light source illuminance
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(d) 20W light source mixed illuminance
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(e) 10W light source illuminance
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(f) 10W light source mixed illuminance
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(g) 7W light source illuminance
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(h) 7W light source mixed illuminance

	Figure 18. Artificial light source illuminance and mixed illuminance distribution


Figure 18 shows that when the total power of the indoor artificial light sources remains consistent, the number and distribution of the light sources basically do not change the average illuminance and mixed illuminance of the artificial light source. However, after adding the artificial light source, the average indoor mixed illuminance increased by 16.23% compared to the average natural light illuminance, and the proportion of indoor illuminance above 300 lx also increased by 28.7%.
Among the four forms of light arrangements, although the average illuminance is the same, there are significant differences in the illuminance uniformity within the room. The illuminance uniformity for each light source arrangement is shown in Figure 19.
	[image: ]
Figure 19. Comparison of the uniformity of indoor illuminance when different light source arrangement forms


Figure 19 shows that the illuminance uniformity is closely related to the arrangement form of the light sources when the total power of the light sources is the same. When the artificial light source adopts a single-point arrangement of form 1, the illuminance uniformity and mixed illuminance uniformity are only 0.033 and 0.0048, respectively. When the arrangement form is changed to form 2, form 3 and form 4, i.e., when the arrangement forms changes to two-point linear, four-point surface and six-point surface, the illuminance uniformity increases by 242.4%, 363.3% and 484.8%, respectively. In addition, the mixed illuminance uniformity increased by 295.8%, 358.3% and 566.7%, respectively. Therefore, the illuminance uniformity is significantly affected by the arrangement of the light sources. When the total power is constant, a surface layout with an increased number of artificial light sources should be adopted in the cave dwelling to improve the uniformity of illumination.
4. Conclusion

1 Through field investigation and analysis of the indoor light environment of cliff cave dwelling in western Henan province, China, this study explores the current situation and existing problems of indoor light environment in cave dwellings. The impacts of natural and artificial lighting on the indoor light environment were simulated, and proposals for improvement were suggested and verified. The main conclusions are as follows.

2 Under the three conditions of natural lighting, artificial lighting, and a combination of natural and artificial lighting, most areas inside the cave dwelling cannot meet the light requirement of 2% daylighting coefficient and illuminance of 300 lx as specified in the Standard for lighting design of buildings (GB 50033-2013).

3 A simulation analysis of the relationship between the daylighting coefficient and window area, window sill height and glass transmission ratio show that these factors have monotonically increasing linear function, upward convex cubic function and monotonically increasing relationship with the daylighting coefficient rate, respectively. When the depth of the cave dwelling is less than 6 m, it is easy to obtain a better indoor light environment if the window area and the window-to-floor ratio are greater than 1.44 m2 and 20%, respectively, the window sill height is about 0.7 m, and the glass transmission ratio is about 0.65-0.8.
4 The improved model of cave dwelling based on the recommended optimal parameters is established, and the indoor light environment is simulated. The illuminance increased by 64.4% and the daylighting coefficient increased by 105% under natural light in the improved cave dwelling. Combined with the surface-shaped artificial light form, the uniformity of the indoor light and mixed light illuminance can be improved by 363.3% and 358.3%, respectively. Therefore, the proposed suggestions can significantly improve the indoor light of the cave dwelling.
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