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Abstract: The effects of types of collector systems, operation-control methods, and locations in the world on thermal
performance of solar thermal collector systems and cost to produce required amount of 90°C-hot water were studied through
numerical simulations. Also performance of a hybrid photovoltaic thermal (PVT) collector system was examined. Calculation
results showed that the costs for all solar thermal collector systems were much less than that without solar thermal collector
system. Effect of the locations in the word on the cost was large. Total energy efficiency and exergy efficiency of PVT system
were lower than those of the solar thermal collector system. The cost for PVT system was higher than that for the solar thermal
collector system.
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1. Introduction
Alternative energy systems have been developed to reduce
consumption of fossil energy and to decrease CO2 emissions.
Solar energy is one of these clean energies. If every house
used more solar energy for their heat source and electrical
energy source, much more fossil energy could be saved.
Three types of solar energy utilization systems were
developed: a solar thermal collector system, a photovoltaic
(PV) power generation system, and a hybrid photovoltaic
thermal (PVT) collector system. Solar thermal collector
systems, that enable hot water to reach 42°C for baths, are
presently widely used in Japan. It is important to develop
highly efficient solar thermal collector systems to obtain
90°C-hot water to expand the usage of solar thermal energy.
Also PV systems are widely used. Recently PVT system has
been studied because its total energy efficiency is higher than
that of PV system.
Some works on solar thermal collector systems have been
reported. Kovarik et al. [1] reported the optimal control of
water flow through collectors. Dorato [2] reported the

dynamic optimization techniques to design solar energy
temperature control system. Hahne [3] reported the effect of
parameters on the efficiency of flat-plate collector. Krause et
al. [4] reported the optimization procedure to improve
performance of large solar thermal system. Andersen et al.
[5], Robles et al. [6] and Wrobel et al. [7] reported the effect
of weather and location on thermal performance of solar
thermal collector systems. Authors [8 − 11] studied highly
efficient flat-plate evacuated solar thermal collector systems.
Also some works on PVT systems have been reported.
Dubey et al. [12] reported the experimental results of thermal
and electrical efficiencies for two types of PVT systems in
Singapore. Evola et al. [13] reported the analytical results of
exergy and thermoeconomic optimization of PVT system.
Shyama et al. [14] reported the analytical results of two
configurations of PVT system on thermal efficiency and
electrical efficiency. Lammle et al. [15] reported the
experimental results of PVT system with low-emissivity
coating on the solar panel.
In this work, the effects of parameters (types of collector
systems, operation-control methods, and locations in the
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Water

world) on the thermal performance of the solar thermal
collector systems and the cost to produce required amount of
90°C-hot water were studied through numerical simulations.
Also performance of PVT system was examined and
compared with those of the solar thermal collector systems.

1m
Collector plate
Water tube
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Collector Systems and PVT Systems
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Two types of solar thermal collector systems were studied:
an accumulating heated water collector system, and a
water-circulating collector system. Figure 1 shows the
accumulating heated water collector system, which supplies
new water from morning to evening and accumulates heated
water in a heat storage tank. There is no water in the heat
storage tank in the morning. On the other hand the
water-circulating collector system circulates water between
the collector plate and the heat storage tank. Some water is in
the heat storage tank in the morning and the water is heated
over time by circulating it.
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Figure 2. Flat-pate evacuated solar thermal collector.
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Figure 1. Accumulating heated water system.

Figure 2 outlines the calculation model for a flat-plate
evacuated solar thermal collector. A selective absorption film
was coated on the upper side of the collector plate [16]. The
calculation conditions were as follows. Six collector plates of
1 m2 were used and the total collection area of the collector
plates was 6 m2. The collector plates were aluminum with a
thickness of 0.5 mm and their inclined angles were 30°. The
air pressure in the collectors was vacuum pressure of 0.1 Pa
and the water tube was attached to the back surface of the
collector plate. There was Urethane wool below the
collectors and the total length of water piping outside the
collector plate was 10 m. The heat storage tank was 0.8 × 0.8
× 0.8 m, and there was Urethane wool with thickness of 70
mm outside the piping and the heat storage tank.
The temperature distribution in the collector plate is
calculated with the following unsteady thermal conduction
equation:

 ∂ 2T ∂ 2T
∂T
= λ  2 + 2
∂t
∂y
 ∂x

 q0
 +
 hp

(1)

where T is the temperature, t is the time, λ is the thermal
conductivity, c is the specific heat, ρ is the density, hp is the
thickness of the collector plate, and q0 is the heat transfer rate
per unit area. The heat transfer rate per unit area q0 is
calculated as:
q0 = q1 - q2 - q3 - q4 - q5

(2)

where q1 is the absorbed solar radiation, q2 is the upward
radiation loss, q3 is the upward conduction loss, q4 is the
backward conduction loss, and q5 is the heat transfer rate to the
water. The absorbed solar radiation q1 is calculated as:
q1 = qsol τg ε1

(3)

where qsol is the solar radiation outside the collector system, τg
is the transmissivity of glass plate (τg = 0.93), and ε1 is the
absorptivity of the selective absorption film on the collector
plate for solar radiation (ε1 = 0.95). The solar radiation qsol
includes the effect of transient change of incidence angle of
solar radiation beam on the fixed collector plate. The glass
plate was assumed to be opaque to infrared radiation. Upward
radiation loss q2 is calculated as:

(

q2 = σ Tp4 − Tg4

)

 1 1

 + − 1
 ε2 ε g




(4)

where ε2 is the emissivity of the selective absorption film for
infrared radiation (ε2 = 0.07), εg is the emissivity of the glass
plate for infrared radiation (εg = 0.95), and σ is the
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Stefan-Boltzmann constant. Here, Tp and Tg are the
temperatures of the collector plate and glass plate. The upward
conduction loss q3 is calculated as:
q3 = (λa/ha)(Tp - Tg)

(5)

where λa is the thermal conductivity of vacuumed air (λa =
0.0037 W/m K at 0.1 Pa), and ha is the average distance
between the upward surface of the collector plate and the glass
plate (ha = 40 mm). The backward conduction loss through
wool q4 is calculated as:
q4 = (λu/hu)(Tp - Ta)

(6)

where λu is the thermal conductivity of wool (λu = 0.024 W/m
K), hu is its thickness (hu = 100 mm), and Ta is the surrounding
air temperature. The forced convective heat transfer
coefficient in the water tube to calculate the heat transfer rate
to the water q5 was the Colburn's equation [17]. It was
assumed that water would not boil even though it temporarily
reached higher than 100°C. Conduction heat losses through
the Urethane wool from the piping and the heat storage tank
were also calculated. The initial amount of water in the tank at
8:00 for the water-circulating type was determined so that the
temperature in the tank at 17:00 reached 90°C on sunny days
of each month in advance. The water flow rate in the
accumulating heated water system without control was
determined so that the amount of water in the tank at 17:00
would be same as that in the water-circulating system. These
equations were numerically calculated using the implicit finite
difference method [17]. The calculation time step was 60 s.
Figure 3 shows the vertical cross section of PVT collector.
There was a glass plate above the photovoltaic panel. Air
pressure in the collectors was atmospheric pressure. There
was an aluminum collector plate with water tube on the back
surface of the photovoltaic panel.

photovoltaic panel. The thermal conductivity of air at
atmospheric pressure is λa = 0.023 W/m K for the upward
conduction loss q3 in Eq. (5). Other calculation conditions are
similar to the solar thermal collector. The heat transfer rate
per unit area q0 of the collector plate is as follows:
q0 = q1 - q2 - q3 - q4 - q5 - q6
q6 = qsol τg ηel

(8)
(9)

where q6 is the electric power generation rate per unit area.
The thermal efficiency ηth of the collectors for one day is
defined as the ratio between the total accumulated heat of
water in the heat storage tank at 17:00 and the total solar
radiation energy Qsol for one day.

ηth = Gw c (Ttank - Ta) / Qsol

(10)

where Gw is the amount of water in tank at 17:00, c is the
specific heat of water, Ttank is the water temperature in the
heat storage tank at 17:00, and Ta is the average surrounding
air temperature. Electrical efficiency ηel for one day and total
energy efficiency ηtotal are calculated as follows:

ηel = Pel / Qsol

(11)

ηtotal = ηth + ηel

(12)

where Pel is the total electric power for one day.
Exergy Eth of the accumulated heat of water in the heat
storage tank at 17:00 is calculated as follows [13]:
Eth = Gw c {(Ttank - Troom) - Troom ln(Ttank / Troom)} (13)
Exergy Eel of the total electric power Pel for one day is
calculated as follows [13]:
Eel = Pel

(14)

Exergy Esol of the total solar radiation energy Qsol for one
day is calculated as follows [13]:

Glass plate
Air at atmosphere
pressure

4
 4T
 
1T
Esol = Qsol 1 − room +  room  
3Tsol
3  Tsol  



Photovoltaic plate
Collector plate

(15)

where Tsol is the apparent solar temperature (Tsol = 5760 K).
Exergy efficiency ηex for one day is calculated as follows:

Water tube
Urethane wool

ηex = (Eel + Eth) / Esol

Figure 3. Hybrid photovoltaic thermal (PVT) collector systems.

Transient electric power generation efficiency ηel of the
photovoltaic panel is calculated as follows [18]:

ηel = ηel-room {1.0 - βT (TPV - Troom)}
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(7)

where ηel-room is the efficiency of photovoltaic panel at room
temperature (ηel-room = 0.182), βT is the temperature
coefficient (βT = 0.0041 K-1), TPV is the photovoltaic panel
temperature, and Troom is the room temperature (Troom = 298
K). The emissivity of the photovoltaic panel for infrared
radiation is ε2 = 0.6 for the upward radiation loss q2 in Eq. (4),
because there is no selective absorption film on the

(16)

The cost to produce the required amount 90°C-hot water
was calculated as following. The required amount of heated
water was assumed to 331 kg with a temperature 90°C at
17:00 for every day, which was the value of the collected hot
water on the sunny day on April 2 using the water-circulating
system. If the collected amount or the temperature of heated
water was less than that required, the collected water was
added to the deficient amount and heated to the required
temperature with a gas boiler. The heating cost of the gas
boiler was assumed to be 5×10-6 ¥/J, the running cost of the
pump for a flow rate of 1 kg/s was 27 ¥/day, and the initial
cost of the collector equipment and controller were 82 ¥/day
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3.1. Effect of Collector System and Operation Control
Figure 4 plots the daily changes in solar radiation qsol and
surrounding air temperatures Tair evaluated in this research on
April 1, 2012 in the city of Osaka in Japan, which were
obtained from the database of the Japan Meteorological
Agency [19]. Conditions for April 2 − 5, August 1, October 2
and January 2 were also examined and the averages for the
eight typical weather conditions of four seasons were
examined.
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Figure 5 plots the calculated results for the
outlet-temperature of the heated water from the collector plate
Tout, temperature in the heat storage tank Ttank and transient
thermal efficiency ηth on April 1 using the accumulating
heated water system without control in the Osaka. As the
transient thermal efficiency ηth changed very rapidly, average
values for 10 minutes were shown in Figure 5.
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Figure 6. Temperature change and thermal efficiency for water-circulating
system on April 1.

The effects of operation-control on the thermal
performance of collectors were calculated for the
accumulating heated water system. Two operation-control
methods were examined: the flow rate of the water was
controlled to keep a constant outlet-temperature of the heated
water, and the flow rate of the cooling water was controlled
proportionally to match the solar radiation rate. Figures 7 and
8 plot the calculated results for temperature change for two
operation-control methods. Temperature in the heat storage
tank Ttank became high at 10:00 with operation-control, which
was faster than that without control shown in Figure 5.
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Figure 7. Temperature change for control with water temperature using
accumulating heated water system on April 1.
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Figure 4. Solar radiation and surrounding air temperature on April 1 in
Osaka.
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Figure 5. Temperature change and thermal efficiency for accumulating
heated water system on April 1.
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3. Calculation Results for Solar Thermal
Collector Systems
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and 27 ¥/day, which are typical values in Japan.
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Figure 6 plots the calculated results for
water-circulating system without control on April 1.
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Figure 8. Temperature change for control with solar radiation using
accumulating heated water system on April 1.
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collected water with control was slightly higher than that
without control but the thermal efficiency was slightly lower.
We also showed the cost to produce the required amount of
heated water with a gas boiler without a solar collector system
in Figure 10. The costs to produce the required amount of
heated water by the all solar thermal collector systems were
much less than that without solar thermal collector systems,
which indicates the flat-plate evacuated solar thermal collector
systems are beneficial in energy savings and cost savings.

Temp. in tank, Ttank (°C)

Figures 9 and 10 plot the calculated results of the average
temperature Ttank12-15 in the heat storage tank from 12:00 −
15:00, the temperature Ttank17 in the heat storage tank at 17:00,
thermal efficiency ηth, and cost to produce the required
amount of heated water for various collector systems and
operation-control methods. The values in Figures 9 and 10 are
the averages for the eight typical weather conditions of four
seasons in Osaka. The thermal efficiency ηth and temperature
Ttank17 in the heat storage tank at 17:00 were almost the same
for all solar thermal collector systems. The temperature of
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Figure 9. Temperature in tank and thermal efficiency for various collector systems and operation-control methods.
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Figure 10. Cost for various collector systems and operation-control methods.

3.2. Effect of Weather Conditions at Various Locations in
the World
The effects of weather conditions at various locations in the
world were examined. Figure 11 plots the average daily
changes in solar radiation qsol and surrounding air temperature
Tair in April in Berlin in Germany, Osaka in Japan, California
in USA and Delhi in India, which were obtained from the
database of the U.S. Department of Energy [20]. Conditions

for August and January were also examined.
Figure 12 plots the calculated results for temperature in tank
Ttank17 at 17:00 for accumulating heated water system without
control at various months and various locations. Figures 13 and
14 show the calculated results of the average temperature
Ttank12-15 in the heat storage tank from 12:00 − 15:00, the
temperature Ttank17 in the heat storage tank at 17:00, thermal
efficiency ηth, and cost to produce the required amount of
heated water for the accumulating heated water system without
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Figure 12. Temperature in tank at 17:00 at various months and various
locations for accumulating heated water system.
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Figure 11. Average solar radiation and surrounding air temperature in April
at various locations.
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Figure 13. Temperature in tank and thermal efficiency at various locations for
accumulating heated water system in April.

control in April at various locations. Effect of the locations in
the world on the thermal performance and cost was very large.

4. Calculation Results for Hybrid
Photovoltaic Thermal (PVT) Collector
System
Next, the performance of for PVT system was examined
for the solar radiation condition shown in Figure 4 on April 1
in the Osaka using the accumulating heated water system
without control. Figure 15 plots the calculated results for the
outlet-temperature of the heated water from the collector plate
Tout, temperature in the heat storage tank Ttank, transient
electrical efficiency ηel, and thermal efficiency ηth.
Figures 16 − 18 plot the calculated results of the average
temperature Ttank12-15 in the heat storage tank from 12:00 −
15:00, temperature Ttank17 in the heat storage tank at 17:00,
electrical efficiency ηel for one day, thermal efficiency ηth,
total energy efficient ηtotal, exergy efficiencyηex, and cost to
produce required hot water. The values in Figures 16 − 18 are
the averages for the eight typical weather conditions for the
four seasons in Osaka. The results for PVT system were
compared with those for the thermal collector system.
Thermal efficiency ηth of PVT system was less than half of
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Figure 14. Cost to produce required hot water at various locations for accumulating heated water system.
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Figure 17. Electrical efficiency, thermal efficiency, total energy efficiency and
exergy efficiency for PVT and thermal collector systems.

600

80

500

Ttank12-15
60

Cost (¥/day)

Temp. in tank, Ttank (°C)

ηtotal

60

20

Figure 15. Temperature change and thermal efficiency for PVT system on
April 1.

100

80

Ttank17

Electric power generation
Heating cost
Initial equipment cost

400
300
200

40
PVT

Thermal

Figure 16. Temperature in tank for PVT and thermal collector systems.

100
0
PVT

Thermal
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that of the thermal collector system because the upward
radiation loss q 2 and the upward conduction loss q 3 were
large. Total energy efficiency ηtotal and exergy efficiency
ηex of PVT system were lower than those of the thermal
collector system. The cost of PVT system was higher than
that of the thermal collector system even though income
profit by selling electric power generation. Electric power
of PVT system is good usability compared with thermal
energy, and the total energy efficiency of PVT system is
higher than that of PV system. However the efficiency and
cost of PVT system are unfavorable compared with those
of the solar thermal collector systems.

5. Conclusions
Thermal performance of collectors and cost to produce the
required amount of 90°C-hot water with evacuated solar
thermal collector systems and PVT system were studied.
Following results were obtained. The total cost to produce the
required amount of 90°C-hot water for all solar thermal
collector systems were much less than that without them.
Effect of locations in the world on the cost was very large.
Thermal efficiency, total energy efficiency and exergy
efficiency of PVT system were lower than those of thermal
collector system. Cost of PVT system was higher than that for
the thermal collector system even though income profit by
selling electric power generation.
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