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Abstract: While solar energy is the most efficient energy source for heating, many problems can occur
when the capacity selection of the system is wrong: a definite possibility in a place where the seasonal
climate change is large, such as Korea. For example, if a system is designed for use in the winter, the
system will be overloaded if it does not discard the energy it collects during the summer months.
Conversely, if the capacity of the system is in accordance with the summer season demand, it will
be necessary to input supplementary energy in the winter season. Solar energy also depends on the
altitude and azimuth of the sun, and the amount of energy collected on the slope depends on the
latitude of the area in which it is installed. Therefore, this study is divided into investigating the
collection energy, heat radiation energy and auxiliary energy input according to the installation angle
of the solar collector and the capacity of the heat storage tank according to latitude of the installation
area. To this end, we formulate appropriate energy equations. Simulation coding was performed to
track the temperature changes in each part. Additionally, we considered the amount of solar energy
that can be effectively used, not simply the amount of solar energy collected, by substituting the
actual hot water usage schedule.

Keywords: solar energy; energy simulation; solar hot water supply system

1. Introduction

Worldwide energy use has recently been trending upward and in most cases fossil fuels are
still being used as the main energy sources. However, using fossil fuels has its limitations and there
is active research to develop measures that can cope with the increasing greenhouse effect and the
environmental destruction arising from fossil fuel use [1].

Solar energy, among the various alternative types of new and renewable energy, is highly efficient
and serviceable because solar radiation energy can be utilized directly for heating [2]. However,
the efficiency and performance of the solar hot water supply system depends largely on the incident
angle of solar energy [3]. In order to solve this problem, studies are being performed to determine the
optimum installation and solar azimuth angles of the solar collector, for a specific installation latitude of
the system. To find the optimum installation angle according to the latitude of the place where the solar
hot water supply system would be installed, Jo and Kang [4] arbitrarily chose an area then measured
the global solar radiation incident on the inclined surfaces of the solar collector. This was regularly
assessed every hour for 9 years and 5 months between August 1996 and December 2005. Afterward,
the amounts of solar radiation on the inclined surfaces were measured and the results of the experiment
were compared with the estimated amount of the direct solar radiation and the diffuse solar radiation,
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the values of which were calculated separately. Khorasanizadeh et al. [5] proposed an algorithm for
calculating the solar radiation on inclined surfaces according to the installation angle of the solar
collector in Tabass, Iran. Corredor [6] measured the solar radiation on inclined surfaces in seven areas
of Columbia and then compared the measured results with the results calculated from simulations.
Soteris et al. [7] calculated the thermal performance of a solar hot water supply system using TRNSYS
(TYPE 45, University of Wisconsin, Nicosia, Cyprus) and then, based on thermal performance, analyzed
its life cycle. Using a commercial energy simulation program, Loutzenhiser et al. [8] performed a
research study that aimed to predict the performance of a solar hot water supply system for buildings
according to the installation angle of the solar collector. Al-Rawahi et al. [9] proposed an algorithm
for calculating the solar radiation on inclined surfaces on an hourly basis. Maleki et al. [10] reviewed
several equations for calculating the solar radiation on inclined surfaces.

Whereas Zhang and Hwang [11] studied how to calculate the global solar radiation by means of
weather observation variables (the dry-bulb temperature, the relative humidity, the sunshine hours,
and the cloud cover), Kim et al. [12] proposed a modified correlation equation for estimating the
sunlight resource quantity without any cloud cover information. This was motivated by the fact that
many weather stations in Korea do not measure the cloud cover. Yoon et al. [13] studied algorithms for
calculating the cloud cover in order to compute the solar energy that reaches the ground surface after
passing through the atmosphere.

Previous research on the energy simulation of solar thermal systems has also been conducted in a
variety of ways. Montoya-Marquez et al. [14] measured the inlet and outlet temperature according to
the installation angle of the solar collector and predicted the efficiency through simulation. Assilzadeh
etal. [15] performed an efficiency and temperature simulation of a LiBr solar absorption cooling system
using a vacuum tube type solar collector and the TRNSYS program. Afonso et al. [16] established an
energy equation and performed an air movement and temperature simulation of the solar chimney.
They compared their simulation results with the experimental data. Amori et al. [17] established a
momentum equation and an energy equation for the internal gas flow of a solar collector and studied
it using CFD. Morrison et al. [18] used CFD to study the fluid movement in an integrated solar water
heater. Yan et al. [19] studied heat transfer by establishing an energy equation for a vacuum tube type
solar collector. Guoying et al. [20] investigated the efficiency of a solar—air heat source heat pump
by establishing the energy equilibrium form. Aklogirou [21] performed an energy simulation of a
PV-thermal hybrid solar system using the TRNSYS program. Aklogirou’s method for predicting the
system efficiency according to load variation [21] is particularly relevant in the present study.

In the case of a country like Korea where there are four seasons, so if a system has been designed
based on the energy demand in the winter, then the solar heat storage system will become overheated
in the summer. This is because the heating and hot water supply energy consumption decreases
rapidly in summer. Solutions to prevent overheating include covering the solar collector panel with a
sun shade, discharging overheated water from the heat storage tank, or operating a heat sink cooling
fan (the latter is displayed in Figure 1) [22]. Bai et al. [23] researched limiting temperature rises
by adjusting the angle of the reflector to prevent a double vacuum tube type solar collector from
overheating. Aside from this, due to wintry or rainy weather conditions, the temperature of the solar
heat storage tank could fail to rise to the temperature level needed for the hot water supply. In that case,
an auxiliary heat source must be employed to enable hot water use, thus requiring electricity or fossil
fuel. Choi et al. [24] carried out a performance simulation of a solar hot water supply system in which
electricity was used as an auxiliary heat source. Slaman et al. [25] have suggested improving structure
of the collector to prevent overheating of the solar hot water supply system, and Salwa et al. [26] have
warned of the danger of overheating in the summer season.
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Figure 1. Solar safety devices for preventing system overheating: (a) Cooling fan; (b) Covering
solar collector.

In the previous studies, research was conducted on the optimum installation angles of the solar
collector solely from the perspective of collecting solar energy. However, further research is required
to determine the optimum installation angles of the solar collector from the perspective of requiring an
auxiliary heat source. Such a heat source may be required either because energy needs to be released
for the protection of the system in the summer, or because of rainy weather or rapidly decreasing
temperatures, as can occur in area like Korea where the weather changes across the four seasons
are apparent.

Therefore, the first step was to create an algorithm for estimating the hourly solar irradiance on
the slope without requiring information on the cloudiness. The next step was to verify estimated
solar irradiance on the slope with measured data in the same condition. Then, an energy equation
for transforming solar irradiation into collected solar energy was developed. For this purpose, we
have developed an algorithm that can calculate the temperature at each position of the solar system.
Within the program for calculating solar energy collection, we selected seven representative areas in
Korea and then assigned solar irradiation observations for each region. Next, we examined: the energy
accumulated by the solar heating system for the year, the energy dissipated during the summer season,
and the energy lacking during the winter season. To determine the optimum installation angles of the
solar collectors from the viewpoint of the purely usable energy amount (as opposed to the maximum
collected energy), we also considered the installation angle of the solar collectors excluding the summer
season (June, July, and August), in which there is less demand for hot water energy. Also, the capacity
of the heat storage tank with the most available energy was considered. In this study, a program that
simulates the use of solar heat to produce freshwater in a seawater desalination system was modified
to simulate the solar hot water system [27]. Since the verification of the code that simulates solar heat
collection was covered in previous research, this study presents a simplified review of code reliability.

2. System Configuration

2.1. Simulation Apparatus

The system diagram devised for the present study is shown in Figure 2. The system consists of
solar collectors for compiling solar heat, a solar heat storage tank for storing solar heat which is to
be used for the hot water supply or heating, and a heat sink cooling fan for releasing the overheated
energy in case the solar heat storage tank is overheated above the allowable temperature level.

The energy equation for the system is [20]:

Qab,n = PWVCw(Tm,n - m,n—l) + mZCw(Tm,n - TC,n) X xday,n + QlossT,n + QCool,n - Qbuckup,n (1)
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The solar energy collected by the solar collector (Q,y,,,) during n hour(s) can be obtained from
the efficiency of the solar collector (77,,) and the solar irradiance on the inclined surface ( I; ;). The
correction formula devised by Park et al. [28] is used on the solar irradiance on the inclined surface
(Equation (2)). This is to compensate for the lack of meteorological data (cloud information was not
provided as mentioned in the introduction). Figure 3 shows the geometric model for calculating the
solar irradiance on the inclined surface:

L, = Ipsin(y, + 90) sin(ay 4+ @) { Bo + B1(Tavn — Tann—3) + P2RHu + Battwn + Patdsp }

2
Bo = 0.44645, B = —0.0147, B, = —0.327, B3 = 0.00362, B4 = 0.391 @
Qloss?\r
Flat type 4 T °/ QCDDE_
Solar / 2, :
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(:_)\'.\
To2 Heat storage
Tank
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Figure 2. Schematic diagram of solar water heating system in this study.
The equation describing the efficiency of the solar collector is:
Qab,n
— \ 3
Mn I A 3)

Figure 3. Radiation by solar altitude and azimuth.
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In this case, it is possible to estimate the heat collecting efficiency of the solar collector by using a
quadratic expression formed with its inlet and outlet temperatures and the solar radiation striking

it [23]:
Ty — T, Tyn— Tan)?
7771 :ll0+€l1 (b'nlla’n> +112 <(b'n11a’n)> (4)
M M

To,n—l - Ti,nfl
2
The coefficients used Equation (4) are listed in Table 1.

Tb,n = (5)

Table 1. Efficiency formula of the KS (Korean Industrial Standards) standard for collector types.

Item Flat-Plate Type Single Vacuum Tube Reflector Double Vacuum Tube
ag 0.771 £+ 0.058 0.721 £ 0.007 0.664 + 0.078
ap 5.091 + 0.611 1.483 £ 0.758 2.829 4+ 1.996
a 0.0048 + 0.0071 0.0055 + 0.0047 —0.0005 £ 0.0126

In order to avoid errors due to circular referencing, the inlet and outlet temperatures of the solar
collector that were used were the temperature values from the (n — 1) hour. The temperature difference
between the inlet and outlet of the collector can be obtained from the collected solar energy:

Qab,n =m Ch<To,n - Ti,n) (6)

The heat loss of the whole system is:

QlossT = Qlossl + QlossZ + QlossB (7)

The heat loss of the heat storage tank is:

md? 1
Quoss1 = | —— +mdH ) /| .=+ 8 X (T — Tﬂ) 8
4 hi  ky
The heat loss of the supply and return pipe are:
Tan — T
Qloss2,n = n (rz/l:;l o,r11 = m1Cy(Toz,n — Ton) )
( 27tk1L 27rr2h2L)
Ton—T;
o = m1Cyp(Tin — Tion) (10)

QlossB,n = (ln (2/n) 1 )

27tk1L + 27T7'2]’12L

Convective heat transfer coefficients, /1 and hy, are calculated with the equations given below [29]:
h=395+58 v(W/m2I<) (v < 5m/s) 11)
The sum of the heat losses at the inlet and outlet pipes is given by:

Qloss2,n + Qloss3,n = mlch(T02,n - To,n + Tz’,n - TiZ,n) = mlch(TOZ,n - Tiz,n) - Qab,n (12)

At this time, the temperature of the lower side of the storage tank (T};) can be derived by taking
the weighted average of the temperature of the incoming cold water and the average temperature of
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the heat storage tank (T;;). This is also calculated using the average temperature of the heat storage
tank at the same (1 — 1) hour as used before to avoid errors due to circular referencing:

T, — owV Ty 1 +mTey
2n —
owV +my

(13)

The average temperature of the heat storage tank is calculated using the temperature of upper
side (Ty2,,) and lower side (Tip,) of the heat storage tank:

ToZ,n = 2Tm,n71 - TiZ,n (14)

In order to avoid circular reference, the average temperature value of the storage tank (T};) that
was used was the value from the (n — 1) hour. In order to reduce the calculation error, (T,,) was
updated using the temperature (T ,) of the upper side of the heat storage tank and the temperature
(Tip,n) of the lower side of the storage tank, and the calculation was performed again. The iteration was
repeated until the minimum value of the iteration error was less than 10%. When the error was less
than 10%, the next time was considered. The calculation flow chart is shown in Figure 4. This iteration
method that uses the data values from one hour ago was drawn from the study by Zhai et al. [30].

@ iterations
(n-1) hour (n) hourk (n) hourk*!
Tinn-1 Tm,nk < Tm’nml <
k k+1
Ti,n—l ® Tin™ @ Tin _@
Tizn-1 __ Tign" Tipn
Ton-1 Ton" Ton' "
Toz2n-1 Tozmk Toz_nkH
(rk+1-1%) ) ..
[terations until min ﬁ| <10% (j=m,i,i2,0,02)
J

Figure 4. Iteration calculation flow chart.

The auxiliary heat energy input into the heat storage tank is calculated by:

Qbackup = mZCw(TH - Tm) {if Tm < TH} (15)

If the average temperature of the heat storage tank is greater than the overheating temperature
(T > TsE), the solar thermal system is judged to have become overheated and, thus, energy is released
by using a heat sink or by discharging high-temperature water from the system. The present study
calculated the overheating temperature (Tsr) of the system to be 65 °C. This is because 65 °C is 1.5
times higher than 40 °C (the apparent discrepancy in the arithmetic arises because of the effect of the
expansion pressure due to volume expansion resulting from the temperature rise in the heat storage
tank). The temperature obtained through mixture with the tap water temperature of the office building
is close to the operating temperature of hot water supply. The operating temperature of hot water
supply was set at 40 °C, and the occupancy rates (x4,,) on an hourly basis are as shown in Table 2.

To calculate the hourly hot water consumption, Design Builder’s Occupancy Library, a commercial
energy analysis program, was used to determine the occupancy rate for the hot water consumption.
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In this case, data from schools and offices were used with respect to the use of buildings. As solar
hot water supply systems are most commonly applied in school buildings in Korea, the occupancy
rates of school buildings were employed to provide useful information in calculating hourly hot
water consumption.

Table 2. Occupancy rates (school and office building data from Design Builder Libraries).

Hour 8 9 10 11 12 13 14 15 16 17 18 Other Time
Occupancy (x44y) 0.1 025 075 1 1 05 05 1 1 05 05 0

The simulation starts from 0:00 on 1 January, and the initial condition of the temperature of each
point is the supply water temperature of the corresponding time.

A simulation program that uses the energy equation was modified to fit the storage system of the
program and the algorithm that was developed in a previous study [27].

2.2. Simulation Verification

Jo et al. [31] measured the solar radiation on inclined surfaces directly at an angle of 30° in
Daejeon. They then divided the global solar radiation on horizontal surfaces into the diffuse and direct
solar radiation. They compared the findings with the predicted solar radiation on inclined surfaces.
The present study estimated the solar radiation on inclined surfaces only through a geometrical
analysis of the global solar radiation on horizontal surfaces, without dividing it into the diffuse and
direct solar radiation. Figure 5 shows that the results of this study have come closer to the actual
measurement data presented by Jo et al. on the solar radiation on inclined surfaces. The method
used by Jo et al. [31] required accurate information on both the cloud cover and the reflectance, which
together determine the diffusion rate in the algorithm used for dividing the global solar radiation into
the diffuse and direct solar radiation. These findings also point out that the uncertainty in predicting
cloud cover hinders the accuracy of the data obtained by dividing global solar radiation into diffuse
and direct solar radiation, as it is impossible to call up such relevant information from the accurate
weather data.

19.00

17.00 - u

15.00 - .
\./

13.00

11.00

9.00

Solar energy at a 30 degree slope (M]/m'day)

7.00

Present study Jo et al. (predicted) ® Joetal (measured)

5.00
Jan, Fab. Mar. Apr. May June July Aug. Sep. Oct. Nov, Dec.

month

Figure 5. Comparison of solar energy at a 30° angle vs. a previous study [31] (M]/m?-d).

Lee et al. [32] conducted both a TRNSYS simulation and an experiment on the changes in the
heat collecting efficiency of the solar heat storage tank according to the type of heat exchanger it uses.
They revealed that its heat collecting efficiency was not great when there were changes in the flow
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conditions (of the flow through the solar collector). The mean efficiency of the solar collector was
found to be 48.5%, in a system that collected energy from the solar radiation on inclined surfaces (with
an installation angle of 45°, in Daejeon, in September, and with a solar heat collection area of 6 m?).
In the results of the present study, heat collecting efficiency was found to be 48%, in collecting
solar radiation on inclined surfaces in September under the same conditions, thus validating the
reliability of the simulation results with respect to the amount of collected heat. The energy released

due to the system overheating deduced by means of the energy equilibrium equation, is as shown in
Table 3.

Table 3. Simulation results under the same condition as the previous study.

Daily Mean Solar Mean Amount of Heat Amount of Heat
Month Radiation (MJ/m?2-d) Effici ca ) Collection Released due to Remarks
Present Study cency (o (MJ/m?-d) Overheating (kJ)
1 15.19 0.44 6.75 -
2 16.22 0.46 7.45 -
3 18.29 0.48 8.75 -
4 17.76 0.49 8.62 -
5 19.08 0.50 9.47 1.628
6 16.81 0.48 8.14 - Heat collection area: 6 m?
7 13.38 0.47 6.29 - Capacity of the heat
8 14.75 0.49 7.27 1.628 storage tank: 300 L
9 15.50 0.48 7.47 1.628
10 16.54 0.47 7.80 -
11 14.32 0.45 6.47 -
12 14.47 043 6.23 -
Avg./Sum 16.03 (Avg.) 0.47 (Avg.) 7.56 (Avg.) 4.884 (Sum)

The amount of heat released due to system overheating was discovered to be about 4.884 k] per
year, when the installation angle of the collector was 45°. This was attributable to complex causes
including the efficiency of the collector varying due to changes in the solar radiation, the tap water
temperature, and/or the outdoor air temperature. The solar radiation, the amount of collected solar
heat, and the temperature distribution of the heat storage tank are as shown in Figure 6. These
quantities are from 16 May 2017 when the release of heat occurred.

70 25
mmm Horizontal solar radiation (M]/hr)
Collected Solar Energy (M]/hr)

—+=Tm (C)

60
20

50

40

30
10
20
5
10 i I
0 0

1 2 3 4 5 [ 7 8 g 10 11 12 13 14 15 16 17 18 19 20 21 22 123
Hour

Temperature of storage tank(T)
Solar Energy[M]/hr]

Figure 6. Temperatures of the solar storage tank and the collected solar energy overtime (16 May 2017).

The annual mean amounts of collected solar energy and thermal energy released due to the system
overheating for a specified installation angle of the solar collector in Daejeon is shown in Figure 7.
The amount of collected solar heat was greatest when the installation angle was between 30 and 45°,
whereas the amount of released heat was found to be greatest when the installation angle was between
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0 and 30°. This is because the solar radiation received from a high solar altitude in summer is greater
at a smaller angle of the solar collector. This also shows that when the installation angle becomes
greater, it is possible to increase the amount of solar heat collected in winter and decrease the amount
of overheating which occurs in summer.

160 25,000
mmm Wasted Solar Energy [M]]

—#-Collected Solar Energy [M]]

140

——Auxiliary Energy [M]] 20,000
120 4 —_
s H
EB 100 < 15,000 ES
2 &
L 80 E
§ &
.E @ 10,000 E
] I
= © S
5,000
20

l B
—
45 60"

75" a0
Installation Angle of Solar Collector

Figure 7. Amounts of collected and released solar energy vs. installation angle.

2.3. Simulation Conditions

The present study selected seven representative regions in Korea and then calculated the amounts
of collected solar heat and the amounts of released solar heat. The quantity of required the auxiliary
heat was also calculated (the extra heat needed to be input into the hot water supply when solar
collection is insufficient). The respective locations and latitudes of the representative regions are as
shown in Figure 8.

50 km

30 mi

Seoul +37.57"

Daejeon - 36.37"

ST Daegu- 355
o e— Ulsan-35.58°

Gwangju - 35.17° #~——— Busan - 35.10°

e Jeju - 33.51°

Figure 8. Locations and latitudes of representative regions in South Korea.
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The selection of solar collectors and solar heat storage tanks in the buildings that were covered
by the performed simulations is as shown in Table 4. Since the present study performed each energy
simulation from the perspective of considering solar energy release to prevent overheating of the solar
thermal system, the size of the solar heat storage tank played a decisive role in any temperature rise
in the system. Therefore, this study carried out energy simulations with relation to the size of the
solar heat storage tank: the capacity of the tank used in the unit heat collection area is classed into
Cases A—C.

Table 4. Simulated specifications of parts.

Classification Details
Installation angle 0, 15°, 30°, 45°, 60°, 75°, 90°
Heat release capacity 14,000 kcal/h
Type Flat type
Size 1180 mm x 2400 mm X 92 mm
Solar collector Quantities 40 EA
Glass Low-iron glass (transmit rate: 91.7%) with 4 mm thickness

Titanium coated copper plate (emission rate: 4 £+ 1%,
Absorption rate: 95 £ 1%) with 0.2 mm thickness

Glass wool 0.040 W/mK with 40 mm thickness (bottom)
PE form 0.035 W/mK with 15 mm thickness (side)

Pipe ©222mm *2 EA and ¢ 8 mm x 10 EA

Case A: 30 L/m? (¢ 1300 x 1200 H)

Case B: 40 L/m? (¢ 1500 x 1200 H)

Case C: 50 L/m? (¢ 1680 x 1200 H)
(100 mm glass wool insulation)

Absorber

Insulation

Solar storage tank

40 mm copper pipe with 40 mm insulation
Supply and Return Pipe Length of supply pipe: 40 m
Length of return pipe: 40 m

Table 5 shows the monthly irradiance on the horizontal surface in each region. The month with
the highest amount of solar radiation is May, and the lowest month is December. Daegu is the region
with the highest amount of solar radiation in May, and Jeju is the region with the lowest amount of
solar radiation in December. Jeju is the lowest latitude area, but the conditions are not considered good
due to the heavy rainfall in the island area. Daegu is a good example of an area with typical conditions.

Table 5. Horizontal surface irradiation (weather data, MJ/d).

Region 1 2 3 4 5 6 7 8 9 10 11 12 Total

Seoul 85 123 152 176 21.0 202 143 150 145 124 84 77 167.0
Daejeon 77 114 144 169 204 190 147 147 131 112 7.8 7.0 158.5
Daegu 9.8 125 155 182 218 188 167 154 136 123 92 84 172.3
Ulsan 82 117 145 172 202 172 145 144 138 119 84 72 159.3
Gwangju 8.6 121 146 165 191 185 132 140 137 122 86 7.8 158.9
Busan 104 128 154 178 200 165 165 164 144 128 99 93 172.3
Jeju 65 99 133 162 186 138 163 155 130 109 75 59 1474

3. Simulation Results

3.1. Collected Solar Energy

The amount of collected solar heat in each region, based on tank size and installing angle, is
shown in Table 6. It should be noted that these figures were calculated without considering the use of
the solar heat. The installation angle showing the greatest amount of collected solar heat was 30°, with
the exception of Seoul in Case C, where it was 45°. These results are similar to those of the previous
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studies [31]. The unusual result of Case C in Seoul, can be explained because Case C has the greatest
heat storage tank capacity and Seoul is located at the highest latitude. Furthermore, the temperature
of the tank is lower if its capacity is greater and this result is directly related to the efficiency of the
solar collector. In any other case, it is evident that any change in the amount of collected solar heat
due to the decreasing temperature of the heat storage tank is not as big as the effect of choosing an
installation angle of 30° or 45° for the solar collector.

Table 6. Collected solar energy (GJ/year).

Case Region 0° 15° 30° 45° 60° 75° 90°
Seoul 179.1 209.2 226.6 226.2 212.6 186.5 148.4
Daejeon 174 198.4 214 213.5 199.2 173.4 137.1
Daegu 193.2 225.2 238.4 236.4 220.6 193.2 154
A Ulsan 171.7 199.8 213 211.2 196.3 170 134
Gwangju 179.2 203.2 218.2 215.9 200.9 175.2 138.7
Busan 197.3 228 240.2 237.9 222 194 155.2
Jeju 168.9 186.6 195.5 190.8 177.3 152.2 118.2
Seoul 190.5 216.9 235.5 235.4 220.4 192 152
Daejeon 184.1 209.3 223.3 221.2 206.1 177.6 136.8
Daegu 202.6 232.1 248.3 246.5 229.7 200 155.8
B Ulsan 181.5 205.6 220.7 218.3 202.6 174.5 135.1
Gwangju 191.1 213.7 227.2 224.8 208.5 179.8 140.1
Busan 202.7 236.1 250.6 248.2 231.3 201 160.3
Jeju 172.5 194.1 203.9 200.5 184.3 156.5 121.6
Seoul 195.3 224.1 237.1 238.9 224.1 193.7 148.5
Daejeon 189 212.3 222.1 221.6 206.1 175.9 133.3
Daegu 209.2 237 252 251 233.4 200.2 153.7
C Ulsan 187.1 2129 223.3 221.7 205.5 174.5 131.5
Gwangju 195.1 217.6 227.5 226.8 209.5 178.9 135.8
Busan 210.8 239.5 255.5 253.2 235.6 203.3 159.1
Jeju 179.9 200.4 208.6 203.6 186.5 158.6 121.2

3.2. Amount of Auxiliary Heat Source Usage

If the temperature of the heat storage tank cannot reach the hot water supply temperature,
the auxiliary heat source needs to heat the hot water. Table 7 shows the amount of supplementary
heat used per installation angle in each condition. From the perspective of auxiliary heat source usage,
for Case A tanks, the amount of usage was smallest at an installation angle of 60° in Seoul and at an
installation angle of 15° in Daejeon. For Case B tanks, the amount of auxiliary heat source usage was
smallest at an installation angle of 30° in Jeju. Finally, for Case C tanks, the amount of auxiliary heat
source usage was smallest at an installation angle of 30° in Seoul, Daejeon and Gwangju. The amount
of collected solar heat and the amount of auxiliary heat source usage cannot be directly related to each
other. Since this result was obtained by calculating the annual total amount of collected heat and the
entire amount of auxiliary heat source usage, if the amount of collected heat in summer is greater than
necessary, the compiled solar energy may be insufficient in a season when the large quantity of hot
water supply energy is in demand.

Table 7. Auxiliary energy for water heating (GJ / year).

Case Region 0 15° 30° 45° 60° 75° 90°
Seoul 13.8 10.7 10.5 9.9 9.9 10.8 13.4

Daejeon 15.6 11.1 11.3 11.1 11.3 12.3 15.8

Daegu 12.1 10.8 9.6 8.9 9 9.9 12.7

A Ulsan 14.3 11.9 10.9 10.4 10.4 11.6 15.8
Gwangju 13.7 10.5 10.8 10.4 10.6 11.9 15.6

Busan 11.5 10 8.6 8.1 82 9.1 12.3

Jeju 14.7 10.7 10.1 9.6 10.7 12.4 16.9
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Table 7. Cont.

Case Region 0 15° 30° 45° 60° 75° 90°
Seoul 28 17 16.6 15.7 16 17.9 23.4
Daejeon 29.1 20.8 18.8 17.8 18.6 20.6 25.1
Daegu 219 16.1 15.3 14.5 14.8 16.9 20.5
B Ulsan 27.2 17.7 17.1 16.1 16.7 19.5 26
Gwangju 27.3 18.4 17.4 16.9 17.5 19.8 25.7
Busan 18.1 15.7 14 13.1 13.6 15.5 21.9
Jeju 229 18 16.9 17.4 18.5 21.6 30.5
Seoul 40.6 26.9 20.7 21.2 22.5 25.1 29.7
Daejeon 424 28.3 21.8 219 23.2 26.2 31.7
Daegu 34.1 22.5 20.1 19.8 20.4 22.4 26.8
C Ulsan 40.6 28.7 22.7 22 23.7 26.8 33.3
Gwangju 39.3 26.2 21.2 21.8 229 26.2 32.1
Busan 29.2 20.4 18.9 18.2 19.1 22 29.5
Jeju 37.6 28.5 25.4 24.7 27 32.4 429

3.3. Amount of Released Heat

The amount of collected solar heat may be greater than necessary thus causing system overload.
In this case, the heat sink cooling fan begins to operate or the overheated water is discharged urgently
to protect the system. This may result in the use of energy such as using electrical energy for the
heat sink cooling fan and the pump, and more water may be required due to the discharged water.
This additional energy and water use is a very important consideration when designing a solar hot
water supply system. The amount of heat released due to system overheating in each case is shown in
Table 8.

Table 8. Released solar energy (GJ/year).

Case Region 0 15° 30° 45° 60° 75° 90°
Seoul 14.5 18.2 18.6 14.4 6.9 19 0.1
Daejeon 12.3 15.8 14.7 10.4 3.2 0.4 0
Daegu 18.3 22.8 22,6 17.6 8 15 0.1
A Ulsan 9.9 12.6 12.2 8.5 3.6 0.8 0
Gwangju 12.6 15.6 15.3 10.8 4.3 0.8 0
Busan 16.1 20.5 20.3 16.3 8.5 2.1 0
Jeju 11 12.6 11.6 72 2.2 0.1 0
Seoul 55 7.4 7.8 49 1.6 0.2 0
Daejeon 49 6.1 4.8 1.9 0.2 0 0
Daegu 9 10.2 9.7 5.6 1.3 0 0
B Ulsan 2.8 3.4 3.8 1.8 0.7 0 0
Gwangju 5 6 5.4 2.7 0.6 0 0
Busan 6.6 8.8 8.5 5.5 15 0.2 0
Jeju 45 4.9 3.9 1.8 0.1 0 0
Seoul 14 2.2 17 0.8 0.1 0 0
Daejeon 13 1.6 0.7 0.1 0 0 0
Daegu 3.2 4.1 2.8 0.9 0 0 0
C Ulsan 0.5 0.6 0.5 0.2 0 0 0
Gwangju 12 1.9 1.1 0.3 0 0 0
Busan 2.6 3.4 2.5 12 0.2 0 0
Jeju 1.8 21 12 0.3 0 0 0

It is worth noting that although an installation angle of 30° for the solar collector appears to
result in excellent performance in general (from the perspective of the amount of collected solar heat),
the amount of energy released due to the system overheating is highest when the solar collector has
been installed at an angle of 15°. This indicates a similarity to a quadratic function where the highest
value is at its vertex. Therefore, if it is necessary to consider not only the amount of collected heat
but also the released solar energy, 45° is more favorable than 30° for the installation angle of a solar
collector. Figure 9 is a diagrammatic representation of Case A. It is likely that the system overheats
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mostly because the capacity of the heat storage tank is the smallest compared to the heat collection
area in Case A.
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g Gwangju
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Figure 9. Released solar energy by region and installation angle [G]/year].

3.4. Effective Amount of Heat Collection

The purely effective energy is equal to the solar energy collected by the system minus the amount
of energy from the auxiliary heat source minus the amount of solar energy released due to the system
overheating. The purely effective energy is shown in Table 9.

Table 9. Purely usable solar energy (GJ]/year).

Case Region 0 15° 30° 45° 60° 75° 90°

Seoul 150.8 180.4 197.5 202 195.8 173.8 135

Daejeon 146.1 171.6 188.1 192 184.6 160.7 121.3

Daegu 162.8 191.7 206.2 209.9 203.7 181.8 141.3

A Ulsan 147.5 175.3 189.9 192.3 182.3 157.6 118.2
Gwangju 152.9 177.1 192.2 194.8 186 162.5 123.2

Busan 169.7 197.5 211.3 213.5 205.3 182.8 142.9

Jeju 143.2 163.3 173.9 174.1 164.4 139.7 101.3

Seoul 157 192.5 211.1 214.8 202.9 173.9 128.6

Daejeon 150.1 182.5 199.6 201.5 187.3 157 111.7

Daegu 171.7 205.8 223.3 226.4 213.5 183.1 135.2

B Ulsan 151.5 184.5 199.9 200.4 185.2 155.1 109.2
Gwangju 158.8 189.3 204.3 205.1 190.4 160 114.4

Busan 177.9 211.7 228.1 229.5 216.2 185.2 138.4

Jeju 145.2 171.2 183.1 181.2 165.7 134.9 91.1

Seoul 153.3 195 214.7 216.9 201.6 168.5 118.8

Daejeon 145.3 182.3 199.6 199.6 182.9 149.6 101.5

Daegu 172 210.4 229.1 230.3 213 177.8 126.9

C Ulsan 146 183.6 200.1 199.5 181.8 147.7 98.2
Gwangju 154.5 189.5 205.2 204.6 186.6 152.7 103.6

Busan 179 215.6 234 233.8 216.3 181.3 129.6

Jeju 140.5 169.8 182 178.6 159.5 126.2 78.3

In general, the effective energy in the system seems to be highest at an installation angle of the
solar collector of 45°. The effective energy was discovered to be highest at an installation angle of the
solar collector of 30° in Jeju for Case B systems. For Case C systems, the highest effective energy was
at an installation angle of the solar collector of 30° in Ulsan, Gwangju, Busan, and Jeju.
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The most effective installation angles, capacities of the heat storage tanks by region are the 1st
step values in Table 10. In general, the amount of accumulated effective solar energy was greatest
when the heat storage capacity was 50 L/m?, and in this case the largest amount of collected effective
solar heat was mainly obtained with an installation angle of 45° in the high-latitude areas, and mainly
obtained with an installation angle of 30° in the low-latitude areas. The most optimum installation
angles, for a particular heat storage capacity, are shown in Table 10 in the 2nd step columns. These
were calculated by a trial and error method that considered all installation angles with a step size of
one degree. Since the value of the effective heat collection is shown to be highest using a heat storage
capacity of 50 L/m? in each of the five regions except Daejeon and Jeju, the capacity of the heat storage
tank was fixed to be 50 L/m?, and then the optimum installation angles in the seven regions were
calculated (see Table 11).

Table 10. The most efficient installation angle and capacity of the heat storage tank.

1st Step 2nd Step
Region Capacity Optimum Effective Amount of Heat Optimum Effective Amount of Heat
(L/m?) Angle (°) Collection (GJ/year) Angle (°) Collection (GJ/year)

Seoul 50 45 216.9 39 218.3
Daejeon 40 45 201.5 39 202.8
Daegu 50 45 230.3 38 232.0
Ulsan 50 45 200.4 37 202.4
Gwangju 50 30 205.2 36 207.1
Busan 50 30 234.0 38 236.3
Jeju 40 30 183.1 37 184.2

Table 11. Differences between the latitudes and the most efficient installation angles by region.

Region Latitude (°) Optimum Angle (°) Effective Amount of Heat Collection (G]J) Difference in Angle (°)
Seoul 37.57 39 2183 14
Daejeon 36.37 38 202.1 1.6
Daegu 35.83 39 232.0 32
Ulsan 35.58 37 202.4 14
Gwangju 35.17 38 207.1 2.8
Busan 35.10 38 236.3 2.9
Jeju 33.51 35 182.7 15
Mean - - - 2.1

The optimum installation angle in each region was found to be between 1.4 and 3.2 at the latitude
of the relevant region. The amounts of effective solar heat collection by region are shown in Figure 10.
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Figure 10. Purely usable solar energy and sunshine hours by region.
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When the heat storage tank was installed under the optimum conditions, the amount of effective
solar heat usage was revealed to be the highest in Busan and Daegu whereas it was shown to be lowest
in Jeju. The line indicates the annual sunshine hours, and it is worth noting that the arithmetic size
of the annual solar radiation resource and the amount of the effective solar heat collection present
different patterns. This confirms that it is impossible to accurately estimate the effective solar energy
by taking only the solar radiation into consideration.

3.5. Prediction of the Amount of Effective Solar Heat Collection except in Summer

In fact, the respective amounts of heating and hot water load decrease rapidly in summer.
However, the amount of heat released from the solar heat storage tank increases. Thus, the results
shown in Table 12 were obtained with the assumption that the system operation is at a standstill in
summer (July—September).

Table 12. Difference between latitude and most efficiency installation angle by region (excluding
summer time).

Region Latitude (°) Angle (°) Effective Amount of Heat Collection (GJ/Year) Difference in Angle (°)
Seoul 37.6 41 165.5 34
Daejeon 36.4 41 150.1 4.6
Daegu 35.8 42 154.9 6.2
Ulsan 35.6 40 152.8 4.4
Gwangju 35.2 40 154.8 48
Busan 35.1 39 179.6 39
Jeju 33.5 36 128.3 2.5
Average - - - 4.26

The predicted optimum installation angle (angle yielding the highest efficiency of the solar
collector) for each installation location while omitting summer, was an angle that is between 2.5° to
6.2° higher than the latitude of the installation area. This is because when the solar collector is installed
at a higher angle it can collect more solar energy in the winter, and the hot water supply energy can
be used more effectively as the solar altitude becomes lower when the season comes closer to winter.
Since the low angles of solar collector (at which greatest amounts of heat can be collected in summer
when the solar altitude angle is high) were excluded, it shows that the optimum installation angle
increased when summer was not considered (compared to the results from considering the entire year).

4. Conclusions

The present study performed energy simulations to find the installation angle of a solar collector
that enables the relevant solar hot water supply system to operate at the highest efficiency. In the study,
not only were the amounts of energy wasted from the high-temperature solar heat storage tank (which
could overheat the system in summer) calculated, but the amounts of auxiliary heat source that were
used due to insufficient sunshine conditions or weather problems were also calculated. This study
also calculated the combination of both the installation angle of the solar collector and the capacity
of the solar heat storage tank which enabled the system to display its highest performance in each
installation area. This was achieved by computing only the energy being used effectively out of the
entire amount of solar energy accumulated by the solar collector.

(1) Inmostlocations, among the tilt angles for installation in the selected seven regions, the amount
of solar heat collected at inclined surfaces was found to be highest at an installation angle of 30°,
and these study results coincide with existing previous study results.

(2) The amount of heat released due to the system overheating was found to be highest when the
installation angle of the solar collector was 15°. This directly affects the safety of the system and
results in energy waste.
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(3) The installation angle at which resulted in the lowest required amount of auxiliary heat source
(for making up for the shortage of energy) was 45° in most cases, and this is also related to the
capacity of the heat storage tank.

(4) Since the amount of effective solar heat collection was found to be high in general when the
capacity of the solar heat storage tank was 50 L./m?, the optimum installation angle of the solar
collector was determined for this capacity. It was found to be 1.4-3.2° higher than the latitude of
the installation area, with a mean value of 2.1°.

(5)  When summer, the time with the least amount of hot water load demand, was not considered,
the optimum installation angle of the solar collector was found to be 2.5-6.2° higher than the
latitude of the relevant installation area, with a mean value of 4.26°.
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Nomenclature

Quw Collected heat flux (W)

Qloss Flux of heat loss (W)

Qcool Released heat flux (W)

Qbackup Auxiliary heat flux (W)

I Solar constant (1367 W/m?)

L Solar radiation on inclined surfaces (W/m?)
A Area of solar collectors (m?)

Tavn Drybulb temperature at n time (°C)

RH Relative humidity (%)

Uy wind velocity (m/s)

ts sunshine durations (h)

h Convective heat transfer coefficient (W/m?-K)
1 Inner diameter of pipe (m)

[0} Outer diameter of pipe (m)

ky Heat transfer coefficient of pipe (W/m-K)
ky Heat transfer coefficient of storage tank insulation (W/m-K)
L Length of pipe (m)

d Diameter of storage tank (m)

H Height of storage tank (m)

Cy Specific heat of heat medium (kJ/kg-K)
Cuw Specific heat of water (kJ/kg-K)

Tu Temperature of Heated water (K)

Tc Temperature of Cold water (K)

T, Temperature of air (K)

T, Outlet temperature of solar collector (K)
T; Inlet temperature of solar collector (K)
T Temperature of Heat storage tank (K)

Tsp Safety Temperature of H storage tank (K)
|4 Volume of storage tank (m?)

m Mass flow rate of heat medium (kg/h)
my Mass flow rate of water (kg/h)

Greek Symbols

o Solar altitude angle (°)

2% Solar azimuth angle (°)

Pw Density of water (kg/m?)

® Inclined angle of solar collector (°)

7 Efficiency of solar collector (%)
Subscripts

n nh

n—1 n—1h

Superscripts

k (k)th iteration step

k+1 (k + 1)th iteration step
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