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Abstract 
 

With the recent increase in energy use in the building sector, the demand for 

research and technology to address this issue has been rising. As a solution to 

this problem, there is an increased number of studies on a lightshelf that is 

attached to the exterior of a building to reduce lighting energy and improve 

an indoor lighting environment. A PV panel, which is a condensing system, 

converts natural light to electrical energy, and cases of its research cases have 

been increasing. However, PV panel have a problem of low power generation 

efficiency due to soiling, etc. Therefore, a lightshelf system with a base-

attached PV panel that can address the problems with the PV panel and can 

maintain the daylighting performance of a lightshelf system is proposed in 

this study. Furthermore, its effectiveness was verified in a performance 

experiment. This study measured the lighting electricity consumption and PV 

cell power generation amount using a testbed and artificial climate system for 

performance experiment, and reached the following conclusions. 1) 

Appropriate specifications for a flat-plate lightshelf (Case 1) and a curved 

lightshelf system (Case 2) for lighting energy reduction were derived, and it 

was found that the lighting electricity consumption of Case 2 was 25.3% 

lower than that of Case 1. 2) A curved lightshelf system with a base-attached 
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PV panel (Case 3) can generate energy from light condensing by the attached 

PV panel. The appropriate angles are 0° and 20° for summer and winter, 

respectively, when considering the reduction of lighting energy and the 

amount of PV power generation in Case 3. When analyzing building energy 

according to the appropriate angle for Case 3, it was found that there was an 

efficient building energy reduction of 46.6% and 37.5% compared to Case 1 

and Case 2, respectively. In particular, the amount of energy generated by the 

PV panel is higher than the lighting energy consumed based on the angle in 

winter, proving the effectiveness of Case 3. 

 

Keywords:  Lightshelf, PV, Energy saving, Performance experiment, 

Daylighting 

 

1 Introduction 
 

 Recently, the energy problem due to the depletion of fossil fuels has been 

becoming quite serious, and there have been increased number of studies in 

this area significantly [1-4], the energy consumed by the building sector is as 

high as 26.6% according to 2017 Korea energy consumption statistics, and 

research and technology development to address this problem is constantly 

increasing. To protect a building from the cold and heat coming from the 

outside, building exteriors with high insulation are being used, and insulation 

performance has been maximized in recent years by reducing the allowed 

area of windows. Reflecting this, the Ministry of Land, Infrastructure and 

Transport now recommends 50% as the ratio of window area to maximize 

the energy efficiency of a building in its window design guideline. However, 

these conditions have an adverse effect of increasing the amount of lighting 

energy used in an indoor space by blocking the entry of natural light. An 

option to resolve this problem is the lightshelf system, a sort of natural 

lighting system that enables the flow of outdoor natural light deep into an 

indoor space. With its well-known effectiveness, its application cases and 

related studies are increasing. [5-10] In particular, there have recently been 

an increased number of studies where various exterior technologies are used 

together, thus complementing the disadvantage of each exterior technology 

and maximizing the advantages. [11, 12] 

 Recently, as interest in PV cells, a light condensing system that converts 

natural light into electrical energy, is increased, there have been an increased 

number of cases in which PV cells are applied to the exterior of a building. 

[13] However, there is a problem when PV cells are applied to a building. 

The typical problem is the high temperature heat generated during 

condensing [14], which can cause a change in the thermal environment inside 

the building. In particular, when PV cells are attached to a window with low 

insulation performance, the temperature of the indoor space is increased, so 

the amount of cooling energy required during summer is also increased, thus  
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making this approach unsuitable in terms of reducing building energy. In 

addition, if PV cells are attached to the exterior of a building, the efficiency 

may be deteriorated due to soiling that accumulates dust on the PV surface. 

[15] As such, the regular management of the PV surface is required, but 

obviously there are many obstacles when it comes to maintaining PV cells 

that are attached to the exterior of a building. 

 Therefore, this study proposes a panel that combines lightshelf and a PV 

panel, and builds basic data for the related fields by deriving a plan to 

address the problems of PV cells and verifying its effectiveness. 

 This study is a performance experiment for a lightshelf system with a 

base-attached PV panel and involves three steps as shown in Fig. 1. First, 

lightshelf systems and PV panels were reviewed to propose a lightshelf 

system with a base-attached PV panel, and a method and standard for 

performance experiment were derived. Second, a real-scale testbed was built 

for performance experiment. Third, a performance analysis was conducted 

that compared a typical lightshelf system and the lightshelf system proposed 

in this study to verify the effectiveness of the latter. The performance 

experiment index of this study is the rate of reduction of indoor lighting 

energy by a lightshelf system and the amount of energy generated by PV 

condensing, both of which are critical to building energy reduction. 

However, this study conducts performance experiment only for a specific 

limited situation using a testbed, which is a limitation of this study. 

 

 
 

Figure 1 Flowchart of Study 
 

2 Literature Review of Lightshelf and PV Panel 
 

2.1 Concept of Lightshelf System and Research Trend 
 

 A lightshelf system, as shown in Fig. 2, is a sort of daylighting system 

installed inside or outside a window that allows the flow of natural light deep 

into an indoor space using a lightshelf reflector, thus enabling efficient 

lighting energy reduction. [14] At the same time, it can improve the  
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uniformity of indoor lighting by reducing the deviation of indoor 

illumination by blocking the natural light directly flowing into an indoor 

space through a window. [17] The variables determining the daylighting 

performance of a lightshelf system are the width, angle, height, and 

reflectivity. However, as shown in Table 1, recent studies on lightshelves 

have considered not only the simple variables of the lightshelf but also 

various external elements and IT. In addition, performance is improved by 

applying various shapes for a reflector other than a flat plate. [18-29] 

 
Table 1 Consideration of Preceding Lightshelf-Related Studies 

 

Author(Publ

ication year) 
Research Objective 

Variables of 

Lightshelf 

Kim et al. 

(2003) [18] 

Evaluate the lighting performance depending 

on the type of the lightshelf system. 

Reflectivity, 

width 

Kim et al. 

(2018) [19] 

Evaluate the energy reduction performance of 

a PV-attached lightshelf 

Angle, PV 

area 

Lee at al. 

(2013) [20] 

Derive the appropriate specifications of a 

lightshelf based on the physical size of an 

indoor space. 

Width, 

angle, type 

Kim et al. 

(2016) [21] 

Propose a lightshelf that can change 

reflectivity and evaluate its performance 

Reflectivity, 

angle 

Lee at al. 

(2015) [22] 

Propose the shape of a light reflector that 

causes scattered reflection and evaluate its 

performance 

Reflecting 

plate shape, 

angle, width 

Jang et al. 

(2018) [23] 

Propose a prism panel that can improve the 

performance of a lightshelf and evaluate its 

performance  

Angle 

Chung 

(2013) [24] 

Energy performance of the photovoltaic 

lightshelf for suggesting the efficient design 
Angle 

Kim et al. 

(2014) [25] 

Development and Performance Evaluation of 

Light Rail System with Location Recognition 

Technology 

Angle 

Jo et al. 

(2013) [26] 

Evaluate daylighting performance of a 

lightshelf using an envelope blind in general 

hospitals 

Angle, Blind 

Installation 

Location 

Lee et al. 

(2014) [27] 

Performance evaluation and optimum 

specifications of lightshelf according to the 

shape of the indoor space 

Angle, width 
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(a) Lightshelf system concepts and variables 

 

 
(b) Application of lightshelf system 

 
Figure 2 Lightshelf Concepts and Application 

 

2.2 Concept and Principle of PV 
 

 PV (photovoltaic), as shown in Fig. 3, is a type of photocell system that 

is manufactured to convert solar energy into electrical energy. PV cells 

generate electricity through a photoelectric effect when light is applied to the 

contact surface of a metal and a semiconductor or a pn junction of a 

semiconductor; types of PV cells include selenium photocell cells, copper 

sulfite photocell cells, silicon photocell cells, and thin-film photocell cells, 

among others. A PV cell has a structure in which an n-type silicon and a p-

type silicon with different electrical properties are bonded, and the boundary 

of two silicon is called a junction. When a sunlight hits a PV cell, the 

sunlight is absorbed into a solar cell and the energy of the absorbed sunlight 

creates particles, i.e. holes (+) and electrons (-) in the semiconductor; these 

move freely in the solar cell and electrons (-) start to gather toward the n-type 

silicon and holes (+) start to move to the p-type silicon and this movement 

causes a potential. Due to this potential, a current starts to flow when a load 

such as a light bulb or a motor is connected to the electrodes on both sides. 

This is the principle of solar power generation by junction of solar cells [28, 

29]. 

 As mentioned above, PV cells generate high temperature heat during 

condensing or power generation, creating the problem of deteriorated 

efficiency in summer. An additional problem is that solar light can be  
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blocked by soiling, etc. due to accumulation of dust, and thus condensing and 

power generation efficiency is significantly deteriorated. In this respect, PV 

cells should be installed with a specification that can increase efficiency 

rather than simply increase the condensing area. 

 
Figure 3 PV Concepts and Principles 

 

2.3 Review of Illumination Standard  
 

 As shown in Table 2, this study checked indoor illumination standards to 

evaluate the performance of a lightshelf system with a base-attached PV 

panel. In the current study, lighting was controlled based on the appropriate 

indoor illumination to derive indoor lighting electricity consumption 

depending on lightshelf system installation. For the objective, the appropriate 

indoor illumination set in this study was 400 lx, which is a general level of 

luminance or the standard illumination needed for the visual action of small 

objects. 

 
Table 2 KS A 3011 Illumination standard 

 

 

Activity type 

Illumination range 

(lx): Minimum-

Standard-

Maximum 

Lighting Method for 

Work Surface 

Dark public place 15 – 20 - 30 

Overall lighting for 

space 

Overall lighting for 

space 

Simple work space for a short 

period of time 
30 – 40 - 60 

Work place with infrequent visual 

action 
60 – 100- 150 

Visual tasks requiring high-

luminance contrast 
150 – 200 - 300 

Lighting focusing on 

work surface 

Visual tasks requiring medium-

luminance contrast 
300 – 400 - 600 

Visual tasks requiring low-

luminance contrast 
600 – 1000 - 1500 
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3 Proposal and Performance Experiment 
 

3.1 Proposal of a Curved Lightshelf with Base-Attached PV Panel 
 

 The curved lightshelf system with a base-attached PV panel that is 

proposed in this study is based on the following, as shown in Fig. 4. First, 

this study adopted a curvature-applied lightshelf system that has excellent 

lighting performance [30]. A curvature-applied lightshelf induces diffuse 

reflection when flowing natural light into an indoor space, and this can 

improve lighting performance compared to a typical flat-plate lightshelf. 

Second, this study can resolve the problem of PV cells described above by 

attaching a PV panel under the reflector of a lightshelf system. A PV panel 

attached to the base of a lightshelf reflector can resolve the soiling problem. 

In particular, the soiling of PV cells will be resolved due to the vibration 

generated during operation if it is attached to the movable lightshelf system. 

Third, the lightshelf system proposed in this study has a PV panel attached to 

the base of a curvature-applied lightshelf system, so lighting and condensing 

occur at the same time. 

 
 

Figure 4 Concept of Lightshelf System with Base-Attached PV Panel 

 

3.2 Performance Experiment Method 
 

 In the current study, a testbed was constructed as shown in Table 3 and 

Fig. 5 to conduct a performance experiment of a curved lightshelf system 

with a base-attached PV panel, and the details of this are as follows. The 

specifications of the testbed are shown in Table 3, and pale-colored flooring, 

bright white pate, and wallpaper without patter were selected for the floor, 

wall, and ceiling, respectively. This study installed an artificial solar device 

to facilitate external environment setting, and the artificial solar irradiation 

device can simulate the sun by manually controlling its light source. As 

shown in Fig. 6, the illumination was measured at 4 points to determine the 

illumination information of the indoor space of the testbed, and each 

illuminance sensor was connected to an LED-type light supporting 8-step 

dimming control. In other words, the illuminance sensors are connected to 

the lightings for Lighting OFF and the 8-step dimming control. The 

illuminance sensors are connected to the respective lighting numbers 
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as follows. Illuminance Sensor 1 is connected to Lighting 1, Illuminance 

Sensor 2 to Lighting 2, Illuminance Sensor 3 to Lighting 3, and Illuminance 

Sensor 4 to Lighting 4, respectively. 
Table 3 Overview of testbed 

 

Room 

Size 4.9 m (Width) × 6.6 m (Depth) × 2.5 m (Height) 

Material 

Ceiling: Bright White Pate 

Wall: Bright wallpaper (wallpaper without pattern)  

Floor: pale-colored flooring 

Window 

Size 1.9 m (W) × 1.7 m (H) 

Type Double glazed, Transmissivity 80% 

Lighting 

Type LED type 

Lighting control Lighting Off and 8-level dimming 

Dimensions 0.6 m × 0.6 m 

Dimming range 10%( Level 1)–100%( Level 8) 

Lighting 

electricity 

consumption 

Light OFF: 0 kWh, Dimming 1 Level : 12.3 kWh, 

Dimming 2 Level: 18.3 kWh, Dimming 3 Level: 22.0 

kWh, Dimming 4 Level: 27.7 kWh, Dimming 5 Level: 

34.0 kWh, Dimming 6 Level: 38.5 kWh, Dimming 7 

Level: 42.6 kWh, Dimming 8 Level: 50.8 kWh 

Illuminance sensor 

Sensing element 

(Detection 

range) 

Silicon photo sensor (0–200,000 lx) 

Precision ±3% 

 
 

Figure 5 Overview of testbed 
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Figure 6 Location and Height of the Illuminance Sensor 

 

3.3 Case Setting  
 
 This study conducted a performance experiment of a curved lightshelf 

system with base-attached PV panel based on the following. First, a 

comparative analysis of a typical lightshelf system and building energy 

reduction performance was conducted to prove the effectiveness of a curved 

lightshelf system with a base-attached PV panel. As shown in Table 4, this 

study defined a general flat-plate lightshelf, curvature-applied lightshelf, and 

curved lightshelf system with a base-attached PV panel as Case 1, 2, and 3, 

respectively, and derived the performance of each case. Second, to verify the 

effectiveness of lighting energy reduction of each case defined above, this 

study calculated lighting energy consumption. The lighting electricity 

consumption calculation was performed by calculating the lighting dimming 

control step and lighting electricity consumption for each case to meet 400 

lx, which is an appropriate illumination level for an indoor space, and the 

amount of energy generated by condensing was monitored for Case 3 where 

PV was applied. Third, lighting dimming control to maintain an appropriate 

indoor illumination of 400 lx in this study was performed through the 

following procedure. First, the indoor illuminance sensors are measured and 

lighting dimming control is initiated when the minimum value of a measured 

illuminance sensor is less than 400 lx. The dimming step of a light is 

sequentially raised from a light connected to an illuminance sensor showing a 

minimum illumination value. During this process, the lighting dimming 

control was terminated when the measurement of all illuminance sensors  
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reached 400 lx. For example, if the illuminance sensor showing a minimum 

illumination is number 1 among the indoor illuminance sensor values and the 

value is 300 lx, the dimming step of light 1, which is connected to sensor 1, 

is sequentially raised from lighting off to step 8 and the lighting dimming 

control is terminated when the measured values of all illuminance sensors 

reach 400 lx during this lighting control process. However, if all illuminance 

sensors do not reach 400 lx even when the dimming control of light 1 reaches 

step 8, the light dimming step of the light closest to the illuminance sensor 1 

other than light 1 is sequentially raised to make the measured value of an 

illuminance sensor reach 400 lx. 

 The system used to monitor lighting electricity consumption in this study 

used a single-phase method and its accuracy is within 2%. In addition, the 

performance experiment was conducted only for summer and winter and the 

external settings for both seasons are shown in Table 5. 

 
Table 4 Case Setting 

 

Case 
Lighting Shelf 

PV 
Width Curvature Angle 

1 

0.6 m 

0 (Flat type 

reflector) 

-10°, 0°, 10°, 

20°, 30° 

Not attached 

2 

0.005 

(Curved reflector) 

Not attached 

3 

Attached (100 w 

class flexible 

module) 

 
Table 5 Setting up An External Environment for Performance Experiment 

 

Season Meridian Altitude 
External 

Illumination (lx) 

Summer 76.5 80,000 

Winter 29.5 30,000 

 

3.4 Result and Discussion of Performance Experiment 
 

 In the current study, a performance experiment of the lighting energy 

reduction rate was conducted for a curved lightshelf system with base-

attached PV panel compared to a typical flat-plate lightshelf and a curvature-

applied lightshelf without a PV panel, and the results are as follows. 

 First, the performance experiment results of a flat-plate lightshelf (Case 

1) are shown in Table 6 and its analysis details are the followings. For 

summer and winter, the appropriate angle of a lightshelf system for the 

reduction of indoor lighting energy consumption is 30° and 20°, respectively  
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and the lighting energy consumption of this flat-plate lightshelf (Case 1) with 

the appropriate angle is 0.150 kWh.  

 
Table 6 Case 1: Results of Performance Experiment of Flat-Plate Lightshelves 

 

Season 
Lightshelf 

Angle 

Illumination (lx) Lighting dimming 

control :Light 

number(dimming 

level) 

Electricity 

Consumpt

ion 

(kWh) 
Min. Avg. 

Summer 

-10° 65.0 342.1 1(8) + 3(8) +2 (6) 0.140 

0° 68.1 362.9 1(8) + 3(8) + 2(6) 0.140 

10° 76.9 377.7 1(8) + 3(8) + 2(5) 0.135 

20° 80.4 382.0 1(8) + 3(8) + 2(4) 0.129 

30° 88.7 366.0 1(8) + 3(8) + 2(3) 0.123 

Winter 

-10° 242.4 4803.1 1(6) 0.038 

0° 250.7 4914.5 1(6) 0.038 

10° 260.4 5012.0 1(5) 0.034 

20° 265.0 5242.8 1(4) 0.027 

30° 242.9 4958.6 1(6) 0.038 

 
Table 7 Case 2: Result of Performance Experiment of a Lightshelf Applied With 

Curvature 

 

Season 

Light

shelf 

Angle 

Illumination (lx) Lighting dimming 

control :Light 

number(dimming level) 

Electricity 

Consumption 

(kWh) Min.  Avg.  

Summer 

-10° 83.9 385.0 1(8) + 3(8) + 2(4) 0.129 

0° 87.4 396.8 1(8) + 3(8) + 2(3) 0.123 

10° 91.3 407.0 1(8) + 3(8) + 2(3) 0.123 

20° 94.1 405.0 1(8) + 3(8) + 2(2) 0.091 

30° 99.8 370.3 1(8) + 3(8)→2(1) 0.085 

Winter 

-10° 250.6 4979.3 1(5) 0.034 

0° 280.3 5217.2 1(4) 0.027 

10° 288.5 5168.1 1(4) 0.027 

20° 286.5 5404.1 1(4) 0.027 

30° 235.0 4781.2 1(7) 0.042 

 

 Second, as shown in Table 7, a curvature-applied lightshelf system (Case 

2) allows efficient natural lighting compared to a typical flat-plate lightshelf 

(Case 1) without a curvature. The appropriate angle of a curvature-applied 

lightshelf system (Case 2) obtained from its performance experiment is 30°, 
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and is 0°/10°/20° for summer and winter, respectively, and the amount of 

lighting electricity consumption is 0.112 kWh when it is installed with the 

appropriate specifications. When we summarize the lighting energy usage, 

the curvature-applied lightshelf system (Case 2) can reduce lighting 

electricity consumption by 25.3% compared to the flat-plate lightshelf (Case 

1). 

 
Table 8 Case 3: Result of Performance Experiment of a Lightshelf System with 

Base-Attached PV Panel 

 

Season 
Lightshelf 

Angle 

Lighting 

electricity 

(kWh) 

PV Generated 

Energy (kWh) 

Lighting electricity 

consumption – PV 

Condensing Energy 

A B A-B 

Summer 

-10° 0.129 0.002 0.127 

0° 0.123 0.003 0.120 

10° 0.123 0.005 0.118 

20° 0.091 0.006 0.085 

30° 0.085 0.009 0.076 

Winter 

-10° 0.034 0.014 0.020 

0° 0.027 0.020 0.007 

10° 0.027 0.024 0.003 

20° 0.027 0.030 -0.003 

30° 0.042 0.036 0.006 

 

 Third, the lightshelf system with a base-attached PV panel (Case 3) 

proposed in this study can generate energy through light condensing using 

the PV panel attached to its base. However, as shown in Table 8, there is a 

difference in the amount of power generation by the PV cells depending on 

the angle of a lightshelf. Considering lighting energy reduction and PV 

power generation by the lightshelf system with base-attached PV panel, the 

appropriate angle is 30°, which is the same for both flat-plate lightshelf 

system (Case 1) and curved lightshelf system (Case 2). This is because the 

energy amount generated by a PV attached to the base of a lightshelf appears 

to be low due to a high solar altitude in summer. On the other hand, in 

winter, the PV power generation efficiency is improved compared to summer 

due to low solar altitude. Accordingly, a lightshelf with base-attached PV 

panel (Case 3) with an angle of 20° in winter can generate more energy than 

the amount of consumed lighting energy. Summarizing all information 

above, the building energy consumption for a lightshelf system with a base-

attached PV panel (Case 3) is 0.070 kWh when an appropriate angle was 

used, so there is an efficient building energy reduction of 46.6% and 37.5%, 

respectively, compared to a flat-plate lightshelf (Case 1) and a curved 

lightshelf system (Case 2). 
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4 Conclusion 
 

 This study proposes a lightshelf system with a base-attached PV panel 

that can contribute to efficient lighting energy reduction and further building 

energy reduction, and its effectiveness was verified through a performance 

experiment using a real-scale testbed. The conclusions are as follows. 

 First, regarding the flat-plate lightshelf (Case 1), an appropriate angle to 

reduce indoor lighting energy is 30° and 20°, in summer and winter, 

respectively, and the flat-plate lightshelf (Case 1) with the appropriate angle 

showed a lighting energy consumption of 0.150 kWh. Second, a curvature-

applied lightshelf system (Case 2) causes scattered reflection when 

introducing natural light into an indoor space, providing efficient natural 

light. As a result, there is a 25.3% lighting energy saving compared to the 

flat-plate lightshelf (Case 1). Third, the curved lightshelf with base-attached 

PV panel (Case 3) proposed in this study can generate energy through light 

condensing by the PV attached to the base of a curvature-applied lightshelf 

system. Considering the lighting energy saving and PV power generation by 

a curved lightshelf system with a base-attached PV panel (Case 3), the 

appropriate angles are 30° and 20° for summer and winter, respectively. 

When using a lightshelf system with a base-attached PV panel (Case 3) at its 

appropriate angles, building energy consumption is reduced by 46.6% and 

37.5%, respectively, compared to a flat-plate lightshelf (Case 1) and a curved 

lightshelf system (Case 2). In particular, in winter, the amount of energy 

generated by PV is more than that of the lighting energy consumed 

depending on the angle, thus proving the effectiveness of a curved lightshelf 

with base-attached PV panel (Case 3). 

 This study proposes a curved lightshelf system with a base-attached PV 

panel for efficient building energy reduction and verifies its performance. 

However, there are limitations to this study’s findings, as it does not consider 

the details related to actual production and operation when proposing a 

lightshelf system with base-attached PV panel, and only specific situations 

were considered in the performance experiment. Future studies that consider 

these aspects should follow. 
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