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ABSTRACT

The performance of a solar lighting and heating system (SLHS) based on the spectral splitting effect of nanofluids
is presented in this paper. SLHS through nanofluids would split the sunlight spectrum into different wavelength,
and then introduce the visible light into the offices for lighting and absorb infrared energy to generate hot water.
The Energy Plus software was used to analyze the energy consumption of typical office building located in the
city of Harbin in China coupled with SLHS. Based on the simulation results two lighting zones were identified
in the offices and the optimal lighting control strategy was developed for a full year. The performance models
of SLHS with different light-receiving areas of 10 m? and 40 m? were simulated and validated using the existing
experimental data. The overall energy-saving of the offices over a full year were analyzed using the validated
model. Results demonstrated that for SLHS with the area of 40 m?, the rate of the energy saving in the offices
due to lighting and hot water systems were 58.9%, and 19.3%, respectively. The system also had the additional
benefit of reducing the cooling load of the air conditioning system during summer period together with improving

the quality of the indoor environment resulting in better health and productivity of the occupants.

1. Introduction

It is a well-known fact that using solar energy as a clean energy
source for building energy supply will greatly reduce the consumption of
other energy sources in buildings [1]. Liang [2] presented an active solar
building facade system. The system can make full use of solar energy to
produce hot water and electricity. Kumar [3] showed the effectiveness
of an adaptive neuro-fuzzy inference system for controlling the light-
ing system through outdoor climate parameters. Taking climate data
as the standard data input, for solar PV module and daylight-artificial
integrated scheme power analysis. The system powered by a renewable
source and daylight is appropriately utilized in the lighting system. How-
ever, the actual use of solar energy has the disadvantages of low energy
conversion efficiency and high operating costs [4].

As a crucial part of the built environment, the light environment di-
rectly affects the physical and mental health of the occupants and their
productivity. Compared with single-spectrum artificial light sources,
natural light has the benefits of relieving visual fatigue, improving the
moods of the occupants and their productivity [5]. In cold regions, peo-
ple are spending more time indoors, and the lack of sunlight aggravate
the incidence of related diseases known as winter blues, particularly in
the elderly population [6]. Light environmental factors such as illumi-
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nance, color temperature, and spatial distribution affect the human body
but also through non-visual channels influence the circadian rhythm of
the body, such as sleep quality and mood. It has been reported that blue-
rich white light has a more pronounced effect on energetic awakening
in the morning and midday, and that people have the same sensitivity
to color temperature throughout the workday [7]. Therefore, in office
buildings, the introduction of natural light lighting is important for im-
proving productivity as well as protecting occupants’ health.

In the late 1990s, Choi [8] proposed the concept of nanofluids to
solve the problem of low thermal conductivity of high-efficiency heat
transfer fluids required by industry. Wang [9] pointed out that nanoflu-
ids have unique optical properties that can absorb and scatter incident
light. Related research pointed out that the metal nanofluids has the
phenomenon of selective absorption of the fluid for the spectrum, which
is manifested as the blue and red shift of the absorption band, and the
strong absorption of the broadband [10]. In addition, changes in the
type and size of nanoparticles can also affect the radiation characteris-
tics of the nanofluids working medium. The nanofluids can selectively
absorb and transmit the incident light of a specific wavelength band
[11].

The excellent heat transfer performance of nanofluids had been ver-
ified by experiments. Kandeal [12] uses nanofluids as the cooling liquid
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Nomenclature

Abbreviations

G, The intensity of direct solar radiation (W/m?2)

E, The intensity of direct sunlight (lux)

0, The heat input to the system (W)

o The luminous flux input to the system (Im)

0, The heat output from the system (W)

o The luminous flux output from the system (Im)

Ajens The area of Finer Lens (m2)

c The specific heat capacity of nanofluid (kJ/kg - K)

A% The Circulating flow rate of nanofluid (L/h)

P The density of nanofluid (kg/m?)

1 The Outlet temperature of nanofluid (°C)

to The inlet temperature of nanofluid (°C)

i The transmission efficiency of visible light

n; The thermal efficiency of SLHS

(o) The design heat consumption per hour for heating hot
water (kJ/h)

m The number of water-consumption based on the number
of people or beds

q, The fixed hot water consumption [L/(person - day)]

t, The temperature of hot water (°C)

C The specific heat capacity of water [kJ/(kg -° C)]

1 The temperature of cold water (°C)

or The density of hot water (kg/L)

T The daily use time (h)

C, The heat loss coefficient of the hot water supply system
K, The hourly variation coefficient

for photovoltaic panels and found that the surface temperature reduc-
tion can reach 16 °C with enhancement in electrical efficiency up to 50%
compared to conventional uncooled PV panels. MimiElsaid [13] con-
firmed that hybrid nanofluids have better heat transfer performance
than single nanofluids. Essa [14], B.Abdelaziz [15] and W.Sharshir
[16,17] found that nanofluids can improve the productivity and ther-
mal efficiency of solar stills through experiments, thereby saving oper-
ating costs. Related scholars have also carried out related researches on
the optimization of nanofluids performance. Tielke [18] verified that
the thermal conductivity of nanofluids is directly proportional to the
concentration and temperature through experiments, and found that
the thermal conductivity of some nanofluids is related to particle size.
Nanofluids are widely used in the field of solar energy utilization due
to their good thermal properties. Torres [19] used low sonication en-
ergy values to prepare a more stable nanofluids, and its heat transfer
performance was also improved.

In the evaluation of system energy efficiency, building energy con-
sumption is a quite important indicator [20]. Building energy consump-
tion simulation will help people formulate scientific operation strategy.
Rajeev [21] studied the strategic control and cost optimization of build-
ing thermal storage technology, by constructing a large office building
with Energy Plus, and designed the operation strategy of coupling build-
ing thermal storage technology and coping with high and low electric-
ity peak price system. B.Abdelaziz [22] installed a Heat Pipe Heat Ex-
changer (HPHE) between the fresh air and return air streams in the
air-condition to cool the fresh air before entering the air handing unit.
Through experimental verification, this measure saves a lot of building
energy consumption, which is proved to be effective.

The SLHS system can take advantage of solar radiation energy to
reduce building energy consumption. In the mathematical model and
experiment, the photothermal efficiency of the system has been quanti-
tatively calculated [23]. But the energy-saving situation and operation
strategy of this system in a specific building have not been developed
yet. In this research, Energy Plus was used to simulate and calculate the

271

Energy and Built Environment 4 (2023) 270-280

1:Cold water entry

2:Solar energy collection/diversion system

3:Immersion heat exchanger

4:Nanofluid circulation pathways
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6:Hot water supply pathways

7:Fiber optic lighting

8:Hot water terminal device
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Fig. 1. SLHS System operation principles.

energy consumption of the system in an office building. Based on the
simulation results, the operating strategy was given. This article mainly
introduced the SLHS system and building model in Chapter 2. Chapter
3 introduced the detailed situation of model establishment and energy
consumption simulation. Chapter 4 mentioned the lighting control strat-
egy. The specific energy-saving benefits of the system and cost analysis
were introduced in Chapter 5. The research used simulation for the first
time to verify the feasibility of nanofluid photothermal separation tech-
nology in building energy saving. The research results in this article can
inspire more scientific researchers to explore the application of nanoflu-
ids.

2. The description of SLHS and building
2.1. System principles

The SLHS is mainly divided into three parts: sunlight receiving end,
light and heat transmission channel, and an output end. The sunlight
receiving end adopts the concentrating optical element with nanoflu-
idic wavelength splitting device to converge and shunt the sunlight for
efficient bi-directional utilization.

The photothermal transmission channel ensures the feasibility of en-
ergy from reception to utilization, which mainly includes optical fiber
system and nano-fluid pipeline. After the sunlight passes through the
specific modulated nanofluid, the light and heat energy are the output
in a certain ratio. Most of the absorbed infrared rays are converted into
heat, which is then introduced into the building interior by using im-
mersion heat exchanger through the nano-fluid circulation system to
provide domestic hot water inside the building. The transmitted visible
light is fed through the fiber optic system and is supplied into the interior
to supplement building lighting [24]. This will also solve the problems
of fiber optic thermal protection and receiver and beam convergence
coupling [25].

The output end mainly includes the domestic hot water utilization
system and fiber optic lighting equipment, which makes full use of the
two parts of the diverted energy indoors and reduces the overall en-
ergy consumption of the building. Fig. 1 shows the specific equipment
situation.

2.2. Energy delivery

Fig. 2 shows the SLHS energy delivery operation, which help to un-
derstand the flow sequence and quantity of the energy. The radiant en-
ergy emitted by the sun is collected by the solar energy collector to
harvest high density energy. The concentrated solar radiation irradiates
the nanofluids container. The nanofluids inside the container carry this
solar radiation energy and use this for heating domestic hot water. At
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Fig. 2. SLHS system Energy delivery process.

the same time, the visible wavelength of solar radiation is transmitted
into the pre-arranged optical fiber bundle by the nanofluid container
and generates indoor lighting. The infrared energy and visible light in
solar radiation are reasonably decomposed and utilized.

It can be seen from the Fig. 2 that the total solar luminous flux input
to the SLHS system can be calculated by Eq. (1) [26]:

¢0 = EOAIens (1)
The transmission efficiency of visible light can be calculated by
Eq. (2):

== (@)

%o

Similarly, the solar radiation energy input to the system can be esti-
mated by Eq. (3) [27]:

QO = GOAlens (3)
The heat absorbed by the system can be calculated by Eq. (4):
O =c-p-V-(t)—19) @

Therefore, the thermal efficiency of SLHS is given by using Eq. (5):

nj = g_(l) )

2.3. Parameter setting

To make this research general and applicable to most buildings in
Chinese severe cold climate regions, the construction of a standardized
building was used. All parameters of this building were defined using
relevant design codes. The selected building is a four-story office build-
ing in Harbin City, Heilongjiang Province, south facing, with a building
area of 2054.8 m2. The window-to-wall ratio which meets the energy-
saving requirements of the Energy Conservation Design Standards for
Residential Buildings in Severe Cold and Cold Regions [28] for the dif-
ferent facades are North 21.61%; South 21.11%; East 3.77%; West 0.

This building is a complex site consisting of offices, conference of-
fices, restrooms, toilets, stairwells, and other functional areas with a
considerable demand for lighting and hot water supply, which makes
this the most suitable research scenario. Energy Plus was used to sim-
ulate the energy consumption of the building and investigate the SLHS
operation strategy together with the energy saving benefits.

The building model was set up using Sketch Up and Open Studio
plug-ins based on the building plan (as shown in Fig. 3, and the IDF file
was exported and imported into Energy Plus software, where detailed
information on internal and external factors and relevant building ma-
terials were used for simulation of the building energy consumption.
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Fig. 3. Office building model shown in Sketch Up.

SLHS not only can provide domestic hot water and lighting but also
improves the quality of indoor lighting. Therefore, it is necessary to pre-
calculate and set the building hot water parameters. The following cal-
culation process mainly applies to the "Design Standard for Building
Water Supply and Drainage". According to the calculation requirements
in the code, the hourly design of heat consumption of the whole day
for centralized hot water supply system in office buildings could be cal-
culated using Eq. (6). Overall, the design heat consumption per hour is
62,204.97 kJ/h for heating the hot water.

0, =K, —mq’c(”T e c, ©)

To make the simulation results general, the envelope enclosure, in-
ternal disturbance information, air conditioning system all included in
the simulation based on the requirements of the code for cold regions.
The weather data for the simulations were adopted from the Chinese
Standard Weather Data (CSWD) for Harbin city, whose annual outdoor
dry bulb temperature and annual direct solar radiation graphs are shown

above in Figs. 4 and 5, respectively.

3. Modeling and validation

January 20 and July 21 were selected as typical winter and summer
days, and two typical offices with the same area, and function but dif-
ferent orientation were randomly selected for analysis. The indoor dry
bulb temperature results are shown in Figs. 6 and 7 below.

Harbin is in a severe cold region under the climate partition of China,
with four distinct seasons, and the calculated outdoor temperature dur-
ing winter is as low as —24.2 °C, while the calculated outdoor temper-
ature for the summer is as high as 30.7 °C. The temperature difference
between winter and summer is very considerable [29]. From the above
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figure, the outdoor dry bulb temperature roughly shows a cosine func-
tion waveform variation [30], while the indoor temperature is always
maintained within the relative comfort temperature range due to the
regulation of the heating and cooling systems.

As shown in Fig. 7, the lowest value of the outdoor dry bulb tempera-
ture recorded is at 5 a.m. in the morning, however the office temperature
is not at its lowest due to the thermal inertia of the building materials.
The air conditioning is scheduled to switch on at 6 a.m. in the morning.
In addition, when the air conditioner is not running, the temperature of
the office on the sunny side is about 0.5 °C higher than that of the of-
fice on the shaded side, both during summer and winter periods, which
is mainly due to solar radiation. From the above results, the simulated
air-conditioning system can meet the comfort requirements.

The main energy consumptions in the office buildings are heating,
cooling, hot water, lighting, and equipment loads. The simulated energy
consumption in the building is shown below in Fig. 8.

The HVAC software of Tianzheng was used to calculate the cooling
and heating loads, and the results were compared to the Energy Plus
cooling and heating loads for validation. The results of the building de-
sign load calculations are shown below in Table 1.

The cooling and heating loads obtained from the design calcula-
tions are converted into annual energy consumption values based on
8 h/day weekdays operation only over 6 months of heating in winter
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Table 1
Design value of building cooling and heating load from HVAC software of
Tianzheng.

Floor 1 2 3 4 Sum
Heating load(W) ( ( (W) 49,238 30,089 27,684 27,500 134,511
Cooling load(W) (W) 50,022 50,022 50,022 50,022 200,090

1 2 3

4 5 6 7 8 9

Fig. 9. 8:00 on January 20th, the distribution of light intensity in the shaded
office (Ix).

and 2 months of cooling in summer. Therefore the annual heating and
cooling energy consumptions are 138,354.17 kW h and 68,602.29 kW h,
respectively. The difference between the design and simulated heating
and cooling energy consumption is 4.14% and 0.95%, respectively. Both
values are within 5%, which proves that the building is reasonably sim-
ulated [31], and the results are valid for a wide range of application in
the cold region.

4. Lighting zones division and system energy-saving strategy

The lighting demand of office buildings is mainly during the day.
At the same time, due to the shading devices, as the external natural
light radiation increases there is a greater demand for indoor lighting.
This is reflected in a positive correlation between the indoor lighting
demand of office buildings and the outdoor light intensity [32]. The light
distribution in the office is very uneven due to the depth of the office.
Therefore, the use of localized lighting in office buildings will have a
great impact on energy consumption [33]. This study will investigate
different lighting strategy and personalized lighting systems suitable for
SLHS by partitioning the lighting conditions inside the offices.

4.1. Division of lighting zones

January 20th and July 20th were selected as typical winter and sum-
mer days. Two offices one in a shaded and one in sunny locations were
randomly selected for this study. The depth of the office is 5.18 m, the
width is 3.4 m, and the total area is 17.6 m2. The Day Lighting Control
and the Illuminance Map is located at the height of 0.75 m in the sim-
ulated office. The light intensity distribution of both offices is shown in
Figs. 9-16.

The horizontal axis, denoted as x = 0-10; and the longitudinal direc-
tion, denoted as y = 0-9 mark 11 and 10 equidistant points, respectively.
These points are extended in a straight line perpendicular to the wall,
and then the straight lines intersect to form 110 points altogether in the
office, which are used as simulated photosensitive points as shown in
Fig. 17. As the outdoor radiation changes, the light intensity received
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Fig. 10. 8:00 on January 20th, the distribution of light intensity in the sunny
office (Ix).
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Fig. 11. 14:00 on January 20th, the distribution of light intensity in the shaded
office (Ix).
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Fig. 13. 8:00 on July 20th, the distribution of light intensity in the shaded office
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Fig. 17. Schematic diagram of 2-D coordinate distribution of indoor photosen-
sitive points.

by the photosensitive spot also changes constantly which forms the basis
for dividing the lighting partition, and the control strategy.

Figs.18 and 19 show the depth as the independent variable, and the
average light intensity of the typical days for the four seasons of the
shaded and sunny offices as the dependent variable. As can be seen
from the above Fig. 18, when the office depth is between x = 0~7, the
office has an average light intensity of less than 200 1x throughout the
year; and when the office depth is around x = 7~9, the office lighting
condition is significantly improved, and the illuminance is greater than
200 lux. At the depth of x = 9, the light intensity is negligible mainly
since photosensitive spot is close to the edge of the window. Therefore,
using the straight-line at the depth of x = 7 as the critical line, the shaded
office’s lighting is divided into zone I and zone II with areas of 3.9 m?,
and 13.7 m2, respectively (see Fig. 20). Similarly for the sunny office
Fig. 19, the dividing critical line in the office is at the depth of x = 4
with area of zones I and II as 7.8 m? and 9.8 m?, respectively as shown
in Fig. 21.

4.2. Lighting control strategy

To further improve the energy effectiveness of the SLHS, it is also
necessary to develop lighting strategy for different lighting zones dis-
cussed above. The principle of setting strategy mainly includes the fol-
lowing three points:
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Fig. 18. A graph of the average light intensity changes at each depth of the
typical day in the four seasons of the shaded office.
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Fig. 19. A graph of the average light intensity changes at each depth of the
typical day in the four seasons of the sunny office.
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Fig. 21. Lighting zone division of sunny office.
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Fig. 22. The average illuminance changes of each lighting zone in the shaded
office during four seasons.

(1) The lighting level at desk level of 0.75 m has to meet the standard
illuminance of 400 lux throughout the year;

(2) The indoor lighting intensity must be satisfied in all the offices in
particular the office in shaded locations;

(3) Energy consumptions will be simulated based on the assumptions
that the lighting levels meet the comfort requirements of the occu-
pants.

Based on these above criteria the annual indoor hourly illumination
intensity distribution for both offices at desk level during working hours
of 8:00 a.m. —17:00 p.m., for different seasons and the two zones were
simulated and are shown in Figs. 22 and 23.

It can be seen from the above figures that average illuminance in
zone I for both offices are much higher than in zone II. The change
of lighting illumination in zone II is relatively constant, which demon-
strates that the change of outdoor natural light radiation has hardly any
effect on the lighting zone II

Based on the Architectural Lighting Design Standards [34] recom-
mendation the maintained illuminance required at the desk level of
0.75 m is 400 lux. Therefore, to achieve this illuminance using addi-
tional localized lighting is required in both offices. A control strategy
was developed to predict the% of the on-time of the additional localized
lighting in offices during different seasons and the results are shown in
Tables 2 and 3.

In the sunny office in contrast to the shaded office, due to bright
lights (see Fig. 23), shading strategies are required to maintain occu-
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Table 2
Control strategy for localized light% on-time period in shaded office.
Spring Summer Autumn Winter
Time Zone 1 Zone II Zone I Zone II Zone I Zone II Zone 1 Zone II
8:00 0.55 0.89 0.54 0.91 0.86 0.96 0.89 0.97
9:00 0.42 0.86 0.40 0.87 0.75 0.92 0.76 0.94
10:00 0.34 0.84 0.38 0.87 0.63 0.88 0.59 0.90
11:00 0.34 0.82 0.34 0.86 0.59 0.87 0.48 0.86
12:00 0.33 0.81 0.33 0.85 0.53 0.85 0.42 0.86
13:00 0.34 0.81 0.29 0.84 0.51 0.84 0.34 0.86
14:00 0.27 0.80 0.29 0.86 0.52 0.85 0.48 0.87
15:00 0.33 0.80 0.32 0.86 0.52 0.87 0.51 0.90
16:00 0.35 0.85 0.43 0.87 0.71 0.92 0.77 0.94
17:00 0.50 0.88 0.45 0.87 0.77 0.95 0.94 0.99
Table 3
Control strategy for localised light turn-on degree in sunny office.
Spring Summer Autumn Winter
Time Zone 1 Zone II Zone I Zone II Zone I Zone II Zone 1 Zone II
8:00 0 0.78 0 0.63 0.20 0.86 0.67 0.92
9:00 0.5 0.63 0.5 0.29 0.5 0.62 0 0.73
10:00 0.5 0.55 0.5 0.25 0.5 0.29 0.5 0.44
11:00 0.5 0.33 0.5 0 0.5 0.26 0.5 0
12:00 0.5 0.26 0.5 0 0.5 0.07 0.5 0
13:00 0.5 0.24 0.5 0 0.5 0 0.5 0
14:00 0.5 0.25 0.5 0 0.5 0.20 0.5 0.25
15:00 0.5 0.52 0.5 0.03 0.5 0.44 0.5 0.41
16:00 0 0.66 0.5 0.32 0 0.76 0 0.77
17:00 0.20 0.82 0.5 0.60 0.60 0.91 0.85 0.97
4000
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Fig. 23. The average illuminance changes of each lighting zone in the sunny
office during four seasons.

pants’ comfort. The following criteria for shading based on simulation
results are developed:

(1) Shading devices to be used when the average illuminance is higher
than 800 1x, and the turn-on degree of localized lighting is 0.5 or
below;

(2) For average illuminance between 400 Ix and 800 Ix inside the office,
there is no need for shading devices or use of artificial light.

4.3. Energy saving of the lighting strategies

Based on the above optimized lighting strategies and modifying the
power of LED localized lighting to 3.3 W/m2, simulated energy con-
sumptions are presented in Fig. 24.

277

Fig. 24. Building energy consumption after implementing the lighting strategy.

Compared with Fig. 8, the lighting energy consumption (see Fig. 24)
of the building is reduced by nearly 80% due to the application of local-
ized lighting strategies and use of LED lighting, which greatly reduces
the operation energy cost of the office building.

From Fig. 24 it can also be seen that by using these lighting measures
the air condition cooling energy consumption also decreased by 4.49%
at the same time.

Table 4

5. Analysis of actual energy saving benefit of the system

The main source of energy consumption in office building are light-
ing, heating, cooling, and hot water. The SLHS not only reduces the
lighting energy demand but also as discussed earlier on it also provides
hot water in the buildings. Based on experimental data and mathemati-
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Table 4
The specific costs and expected revenues of the SLHS.
Cost (RMB) Revenues (RMB/year) Payback
Area Fresnel lens Other costs Total Lighting Heat Total P.e'd
10/
10 m? 4500 4000 8500 1072 1412 2484 Byéar)
40 m? 18,000 10,000 28,000 2921 5648 8569 3.27
150 3000
- Light production Lighting energy consumption
2500 -
120
— — 2000 [~
2 3
£ 90 .
g =
-1 <
o | ; 1500 |-
5 5]
2 ‘ 8
& S 1000
g ‘ [
L
T
307 ; 500 |-
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Date
Fig. 27. Hourly comparison chart of light production and building lighting en-

Fig. 25. The hourly heat production per square meter of light-receiving area
throughout the year.
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Fig. 26. The hourly amount of natural light input per square meter of light-
receiving area throughout the year.

cal models, the relationship between system efficiency and direct solar
radiation intensity and outdoor temperature can be analyzed.

Through many experimental studies [23,35], it is found that there
is a relationship between the direct solar intensity radiation and the
outdoor dry bulb temperature in the photothermal output efficiency of
SLHS. Through the data regression calculation, the quantitative relation-
ship is developed for this research.

The meteorological data of Harbin are used in the model to obtain
the hourly heat/light production per square meter of the light-receiving
area, as shown below in the Figs. 25 and 26.

It can be seen from these above figures that the heat/light production
of SLHS is roughly positively correlated with the variation of the direct
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ergy consumption of 10 m? light-receiving area.
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Fig. 28. Hourly comparison chart of heat production from 10 m? light-receiving
area and energy consumption of building hot water system.

solar radiation. In addition, it is also related to the light-receiving area
of SLHS. The energy saving resulted from different light-receiving areas
of 10 m? and 40 m? of the SLHS are simulated and analyzed.

5.1. Energy saving of the system under different light-receiving areas

The roof area of the simulated office building is 513.7 m? therefore
the light-receiving areas of 10 m? and 40 m? for SLHS are investigated.

The hourly light and heat production and the actual hourly energy
consumption of the building are shown in Figs. 27-30.

From the above graphs for areas of 10 m? and 40 m?, the annual
light production of SLHS is 804 kWeh and 2190.62 kWeh, respectively.
According to the ratio of light efficiency between natural light and LED
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Fig. 29. Hourly comparison chart of light production and building lighting en-
ergy consumption of 40 m? light-receiving area.
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Fig. 30. Hourly comparison chart of heat production from 40 m? light-receiving
area and energy consumption of building hot water system.

lamps (5:3) [36,371, the energy consumption of natural light is replaced
with the energy consumption of LED lamps in the same proportion. The
required supplementary lighting power consumption is 4885.11 kW h
and 2506.68 kW h. The lighting energy-saving therefore are calculated
to be 19.87% and 58.9%.

It can be seen from Fig. 30 that although the heat provided by SLHS
could not meet the actual demand for the building, it has significantly
reduced the overall electricity consumption. Through calculation, when
the light-receiving area is 10 m? and 40 m2, the annual heat production
of the system is 1764.94 kW h and 7059.58k kW h, and the supplemen-
tary power consumption of the hot water system is 34,799.42 kW h and
29,504.79 kW h, respectively. The energy saving in heat production are
4.82% and 19.3%, respectively.

According to the quantitative calculation of the building area of
2054.8 m?, the system can provide the lighting demand of 30.46 m?
of the building area and the hot water demand of 9.92 m? of the build-
ing area per square meter of light-receiving area.
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5.2. Energy saving of air conditioning system during summer

The cooling load of the air conditioning system during the summer
includes the facade and internal heat gains. The latter includes indoor
electrical equipment, such as lighting and personnel computers. Since
in this research the lighting is replaced by natural lighting, the heat
emitted by the lighting system is reduced, which in turns reduces the
cooling demand.

The results show that the overall total energy consumption of the
office building is reduced from 66,172.34 kW h to 65,429.5 kW h during
the cooling season in Harbin, with a decrease ratio of 1.12% for light-
receiving area of 40 m2. The results show that SLHS not only reduces
lighting and hot water demand but also reduces the cooling load on the
air conditioning system.

5.3. The economic analysis

Economic analysis is necessary to be studied to improve the pro-
motion possibilities of the SLHS. The following will show the specific
costs and expected revenues of the system. The electricity price refers
to China’s commercial average electricity price (0.8RMB/kWh).

The calculation results show that the SLHS system has good eco-
nomic benefits. The system can achieve positive economic revenues
within four years.

6. Conclusions

This paper presented the energy efficiency and optimum strategies
for the operation of SLHS. The Energy Plus software was used to analyze
the energy consumption of SLHS installed in a typical office building lo-
cated in the city of Harbin. According to the validated hourly indoor
illumination distribution throughout the year and the lighting design
specification requirements, this study divided the offices into two light-
ing zones and developed an optimum lighting control strategy for SLHS.
Main conclusions of this study are as follows:

(1) The simulation results showed that the overall energy consumption
of lighting decreased by nearly 80% for office building. Which in
return reduced the cooling load of the air-conditioning system during
the summer by 4.49% due to lower generated heat from the lighting
system inside the building.

The SLHS provided supplementary natural light into the office which
reduced the lighting energy consumption in the building. Due to the
significant difference in light efficiency between natural light and
LED lighting systems, for the same output illumination, the solar ra-
diation energy required is much lower than the lighting electricity
consumption. The analysis of the simulation demonstrated that com-
paring natural lighting with LED lighting systems, the required solar
radiation energy is 39.4% lower than the required LED electricity
power consumption.

Based on the principle of SLHS, the energy saving benefit has been
quantified based on the collector areas. For the collector area of
40 m?2, the energy saving rate of lighting and hot water systems
are 58.9%, 19.3%, respectively. Through accounting, the SLHS can
provide lighting demand of 30.46 m? of the building area and hot
water demand of 9.92m? of the building area per square meter of
the light-receiving area. At the same time, the SLHS can reduce the
energy consumption of the air conditioner cooling load. The sys-
tem can achieve positive economic revenues within four years. The
above data are based on the annual average climate parameters. The
system can achieve better productivity under the conditions of high
direct sunlight and high outdoor dry bulb temperature.
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