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Abstract

starved areas like urban cities.

The paper describes the implementation of a photo-voltaic thermal (PVT) system for a student hostel located in
Singapore to cater for hot water requirements of the hostel and a part of electricity requirement. Real-time data
monitoring was carried out by extensive instrumentation and data logging. Two different types of PVT collectors
(glazed and unglazed) were used. Experimental results of performance of the individual collector arrays (thermal
and photo-voltaic efficiency) along with the system overall efficiency are reported for a one-year period. Finally, an
economic analysis of a typical PVT system for tropical climates is carried out and results are presented in the form
of internal rate of return, net present value and payback period. PVT appears as a favourable technology in space
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Introduction

With ever increasing prices of non-renewable energy
resources and also due to greenhouse emissions, there
has been more interest in the use of cleaner and
cheaper sources of energy particularly solar energy. So
far, the main focus has been to tap the energy in the
form of electricity using photovoltaic (PV) cells or to
use the conventional thermal collectors to produce hot
water. In relatively recent times, however, there have
been several attempts to integrate electricity and heat
generation in a single collector called PVT (photo-vol-
taic thermal). These collectors are built by attaching a
thermal absorber below the PV panel. This serves two-
fold purposes of cooling the PV panel (thereby
increasing the electrical efficiency) and collecting the
un-utilized thermal energy to provide hot water. An
added advantage of a PVT collector is that it can
maximize the usage of available roof space.

Besheer et al. [1] described a comprehensive review of
different structural variations in PVT collectors (both air
and water) that have been reported so far to enhance
thermal energy extraction. This serves as a good point to
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build future PVT systems. Reddy et al. [2] reviewed dif-
ferent PVT systems and summarized different cooling
media used and system configurations. They also com-
pared active and passive systems. A brief summary of
existing analytical models was also given. Others [3, 4]
gave a brief overview of the different solar flat plate PVT
technologies, their efficiencies, applications, advantages,
limitations and research opportunities available.

Farshchimonfared et al. [5] described the optimization
and sensitivity analysis of a PVT (air) system linked to
residential building for space heating. It described the
importance of geometrical optimization in the overall
system efficiency. Guo et al. [6] described PVT systems
linked with desiccant cooling systems and reviewed the
role of channel diameter, mass flow rate and glazed
covers for production of high-temperature water
(50-60°C) from PVT systems.

Dubey and Tiwari [7] and Good [8] described the en-
vironmental impact of PVT systems and conclude that
they have much shorter payback periods in terms of
both energy payback and greenhouse gas emissions.
Shihabudheen and Arun [9] described the performance
of a PVT system measured over a period of two months
and extended to a year using Monte Carlo simulations.
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Dubey and Tay [10] described the design and model-
ing of a 10 kWp system along with hot water produc-
tion for 100 students in a hostel. The previous work
included only design and simulation; however, in the
current work the PVT panels were actually installed in
the student hostel as described below and subsequently
a year-long real-time data measurement were done.

In summary, the PV thermal technology has been
researched widely and mostly studied at the module level.
There are very few systematic studies of large-scale com-
mercial installation of PVT systems with full data meas-
urement over a complete year. Moreover, there are very
few detailed studies on economic analysis of PVT systems
based on real-time data and also very little data regarding
cost break-up distribution in the total cost involved in set-
ting up a large-scale PVT system. Consequently, the
current study tries to fill this gap and to provide feedback
and suggestions for future PVT commercial installations.
The key questions which the current work addresses are:
a) What is the economic feasibility of installing a PVT sys-
tem in tropical climate like Singapore? b) What are the
advantages and disadvantages of glazed and unglazed type
PVT collectors? and c) How significant is the thermal load
profile on the performance of PVT system?

Methods

Design and implementation

In the present work, we report the performance and finan-
cial feasibility of a PVT system installed in a student hostel
in Singapore. The average solar radiation in Singapore
over the year is typically around 435 W cm™ 2, The system
was installed in one block of a student hostel on campus
of the National University of Singapore. The hostel block
had about 97 student residents occupying four floor levels,
with each level having 5 shower cubicles. The electricity
supply to the water heaters was controlled by a control
system to supply electricity only when the solar tank
temperature went below a set value (typically 40 °C). Tem-
pering valves were installed before shower inlet lines to
prevent the supply of overheated solar hot water. The
electricity produced by the PVT panels was converted by
an inverter (with an inbuilt maximum power point
tracker), metered and fed to the hostel grid, partially
fulfilling the electricity needs. The circulation water pump
was also automatically controlled depending on tank
temperature and module temperature. Figure 1 shows a
schematic layout of the system.

The three hot water storage tanks (750 L each) were
installed on the ground floor. The tanks were designed
to maintain temperature stratification. Tank A was the
coldest and connected to the fresh cold-water line
(PUB- Public Utility Board). Tank C was the hottest tank
and supplied hot water to the shower cubicles. The
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stratification was maintained by three solenoid valves in-
stalled in the return line to the tanks. These valves were
controlled by the data logging system by comparing the
temperature of returning solar hot water with the tank
temperatures. When there was hot water withdrawal
from Tank C (for hot water consumption in showers) an
equivalent amount was filled in Tank A. So, the hot
water consumption was measured by a flow meter
placed in the cold-water line connected to Tank A. To
pump the water from the tanks to the panels (in the
roof) a centrifugal type circulation pump was used.

The PVT panels were installed on the roof as shown
in Fig. 2. The panels were inclined at an angle of 5°,
which is close to the 1° latitude of Singapore, in order to
receive maximum solar irradiation and to self-clear the
dust from the top glass surface. Three different types of
Clusters were installed for comparative study.

The characteristics of the different Clusters are listed
in Table 1. The Cluster 1 and Cluster 2 panels were
commercially purchased. The Cluster 3 type panels
were fabricated in locally in the Solar Energy Research
Institute of Singapore (SERIS). Cluster 1 favored elec-
tricity generation due to the lack of extra glazing on the
panel. This allows more electricity to be harnessed due
to less reflection loss from the surface and potentially
cooler solar cells. Cluster 2 and Cluster 3 (SERIS) favor
thermal energy generation as they have an additional
layer of glazing on the panels which reduces thermal
losses but could potentially lead to higher solar cell
temperatures and lower PV efficiency. Each Cluster was
connected to a dedicated inverter (Sunny boy, SMA
brand), sized according to the electrical output of the
Cluster.

System instrumentation and operational controls

The system was fully instrumented with necessary sen-
sors. A pyranometer (CMP-11 from Kipp and Zonen)
was used to measure the solar radiation, the anemom-
eter was used to measure wind speed, and a Resistance
Temperature Detector (RTD) was used to measure am-
bient temperature. Three electromagnetic flow meters
were installed in the three inlet lines of each Cluster to
measure the individual total flow rate for each Cluster.
Class A type RTDs were used to measure the inlet and
outlet temperatures of each Cluster. The tank tempera-
tures, the freshwater inlet temperature, the return water
temperature of all Clusters were also measured using in-
dividual RTDs. A separate RTD was mounted in the
header of one of the collectors of Cluster 1 to sense the
temperature of the stagnant water in the collector and to
send information to the control system (which would
then decide, if it is required to switch on the circulation
pump). As described earlier a separate flow meter was
installed in the freshwater inlet line (near Tank A) to
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Fig. 1 Schematic layout of water flow loop between storage tanks and PVT modules
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Fig. 2 Photograph of installed PVT modules in the hostel roof
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Table 1 Thermal and electrical characteristics of the 3 different Clusters
Cluster No. No. of Type Thermal Series x Parallel PV PV area (m?) Series X STC Electrical
modules area (m?) (thermal) cell Parallel efficiency power (KWp)
(electrical) (%)
1 20 Unglazed 2640 2x10 Mono 264 102 14.5 38
2 21 Glazed 29.60 3x7 Mono 282 10%x2 123 35
PVT
3 20 Glazed 22.70 1x20 Multi 200 201 12.3 25
PVT

measure both the flow rate and accumulated volumetric
value. The inverters metered the amount of electri-
city fed into the grid. There were energy meters in-
stalled in each of the floor levels to measure the
amount of auxiliary electrical energy consumed for
showering.

A customized program designed in Lab View was writ-
ten to configure data acquisition, store data into files,
display the captured data in a live manner visually and
finally to control the circulation pumps and solenoid
valves in the tanks. The data collection rate was set to
120s. The program also compares the temperature of
the stagnant water in one of the collectors of Cluster
one and compares it with Tank A temperature and if it
is more than a user-defined setting (typically 4-5 °C) the
circulation pump is switched on. When the return water

temperature does not get heated up sufficiently above
the lowest tank temperature (typically if the difference is
less than 1 °C) the circulation pump is switched off. The
data acquisition program also compares the return water
temperature with the three tank temperatures to open
the correct solenoid valve to maintain temperature
stratification. The program stored all the data in a daily
log file and displays the data graphically in a live man-
ner. The display was set up in a student lounge room to
increase the awareness of non-renewable energy options
to students.

To make the system more effective, a separate
temperature controller cum relay system was installed to
prevent electricity supply to electric water heaters in
shower cubicles when the storage tank (tank C)
temperature is above 40 °C.

Pressure relief valve
1%

1%
Copper piping
6%

Pumps
2%

Fig. 3 Distribution of material costs in a typical PVT system
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Fig. 4 Distribution of various installation costs involved in a typical PVT system

Economic analysis
The high initial cost is a bottleneck to widespread com-
mercial use. It is therefore required to do an economic
analysis, which is usually specific to the technology of
the solar panels, solar radiation and climate at the in-
stallation site, load pattern profile, bank interest rates
and the cost of conventional sources of energy. For the
present economic analysis, we will base it on the yearly
performance, but excluding vacation periods (assuming
that hostel occupancy rate can be maintained always).
The cost and benefits are indicated in local currency —
Singapore dollars (SGD). As per the exchange rate as
on November 2019, 1 USD is equal to 1.36 SGD. As in any
economic analysis, the initial investment or the cost is cal-
culated and compared with the yearly benefits or returns.
The total cost of a solar PVT system involves material
costs and installation costs. For a typical system as
described above, it is estimated that the material costs
are about 46,000 SGD and installation costs are about
14,000 SGD. (It is to be noted that the extraneous costs
incurred due to the installation of various sensors, me-
ters, data acquisition system, computer control software,
etc., which are part of a research system are not included

Table 2 Economical value of annual benefits of PVT system

ltem Output Benefits
Electrical energy 10,235 kWh $2696
Solar thermal energy 16,511 kWh $4578

in the cost of a typical commercial system as they are
not required for a normal commercial system). The vari-
ous components of materials and installation costs are
depicted below in Figs. 3 and 4.

The total cost of the system includes capital invest-
ment, annual operation and maintenance (O&M)
costs, and the electricity costs - for pumps and for
auxiliary heating (during low radiation days). For the
current case the capital investment was 59,988 SGD
and annual O&M cost was 600 SGD. The annual power
consumption for auxiliary heating was 1301 kWh.

The benefits of the system are the electricity generated
and the electricity equivalent that is saved using solar
hot water for showers. If the hostel can be maintained at
full occupancy throughout the year the corresponding

Table 3 Typical values of different parameters used in
economic analysis

Parameter Value

Annual O&M cost

1% of total investment cost
Decommissioning cost 5% of total investment cost

Salvage cost 5% of total investment cost

Lifetime of system 25yr
Discount rate 5%
Inflation rate 24% yr!
Degradation rate [11-13] 0.75% yr~

Electrical tariff [14] SGD 0.2634 kwh ™!
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Fig. 5 Typical variation of water temperatures at Cluster exits and tank temperatures during a typical sunny day

annual electrical and thermal output are listed in
Table 2 along with the equivalent monetary value (based
on the current electricity tariff of 26 cents kKWh™').

For the subsequent economic analysis being carried out
the typical values listed in Table 3 has been used. The an-
nual degradation rate was fixed as 0.75% based on previous
reports [11-13]. Discount rate of 5% was based on the pre-
vailing bank loan interest rates in Singapore. The electricity
prices were taken from Energy market authority of Singa-
pore’s website [14]. The operation and maintenance costs,
decommissioning cost and salvage value were estimated
based on discussion with PV installation contractors.

Net present value (NPV) is calculated based on the

Eq. (1).

G

where Cy is the initial investment
Cis the Cash Flow (due to benifits)
r is the discount rate

tis the total system life time.

Results and discussion

Typical daily performance of the system

A typical thermal performance of the whole system is
shown in Fig. 5. The solar radiation on a typical clear day
has a parabolic variation as shown. The daylight hours are
from 7am to 7 pm. When the solar radiation rises to a
sufficient value, the pump circulation starts and the Clus-
ter outlet temperatures T4, T5 and T6 begin to rise. The

NPV = -Cy + Z (1) tank temperatures also rise during the day and the stratifi-
1+r ) cation is minimal during pump circulation. The maximum
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Fig. 6 Typical variation of thermal efficiency of Cluster 2 during a sunny day
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Fig. 7 Typical variation of PV efficiency of Cluster 1 during a day

- Sy outlet water temperature 1 70
§ 1000 solar irradiance 60
< 800 50 =0
£%
& 600 40 T
?é 0 g8
£ 400 10.4% @ 60.6 °C 20 2 §
© 200 10 Syt
n PV efficienc

0 T T T T T 0

7:00 9:00 11:00 13:00 15:00 17:00

Time

tank temperature during the day is typically about 65 °C.
However, during the night when there is more hot water
consumption, the addition of fresh water to tank A
reduces the temperature of tank A drastically.

A typical performance of the thermally dominant
glazed (Cluster 2) PVT panel is depicted in Fig. 6. Ther-
mal efficiency is the ratio of thermal energy collected in
the form of hot water to the total solar energy falling on
the thermal collector area. A detailed expression is pro-
vided later in Eq. (3). It is seen that the thermal effi-
ciency is about 30% in the morning period but degrades
to about 15% in the late evening due to high inlet water
temperature. This can be averted if the produced hot
water is utilized during the day itself or if we have
alternate batch of thermal tanks.

PV efficiency is the ratio of electrical energy pro-
duced by the PV panels to the total solar radiation
received over the PV collector area. A more detailed
expression is provided in Eq. (4). The variation of PV

efficiency over the day with varying radiation and water
outlet temperature is depicted in Fig. 7 for Cluster 1
(unglazed panels). It is observed that the PV efficiency
is strongly affected by water temperature flowing below
the panel. It was observed that during the end of the
day when the water temperature becomes high, the effi-
ciency drops to 10.4% at 60.6°C. This brings out an
important requirement for implementation of PVT sys-
tems, which is the need to have a continuous thermal
load during the day to prevent overheating of water in
the thermal storage tanks. In the present scenario, the
thermal load was concentrated only in the evenings
and early mornings when most of the showers were
taken. Usually the electricity contributed by the PV
panels offsets only a small portion of the whole build-
ing which has other needs than hot water like fan,
lighting, computers etc. Therefore, all the electricity
produced by PVT system is consumed by the building.
Even in rare cases when the electrical capacity of PVT

7 700
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6 =@—Tuesday I 600
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Fig. 8 Typical variation of thermal load (hot water shower) during a day
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Table 4 Yearly electrical and thermal output of the system and auxiliary energy consumption

Months  Average solar irradiance  Average thermal output Average electrical output  Average auxiliary energy  Average hot water consumption
(kwh m2) (kwh d™ ") (kwh d™ ) (kwh d™ 1) (m?)
Sep 48 67.5 319 0.2 1.39
Oct 44 64.1 299 1.2 1.76
Nov 3.8 60.1 258 33 2.80
Dec 3.1 434 214 0.8 0.79
Jan 46 58.8 275 18 1.79
Feb 35 53.2 23.7 39 0.90
Mar 4.2 64.4 30.1 0.0 1.09
Apr 48 55.1 249 038 226
May 6.5 47.1 256 0.0 0.73
Jun 4.7 4038 268 0.0 0.27
Jul 4.1 40.7 237 09 0.79
Aug 45 56.1 29.1 0.0 1.63

system is comparable to the building electricity de-
mand, there are options to store the electricity in
batteries or to sell the electricity to the grid. So, it is
ideal to operate the PVTs with maximum PV efficiency
to gain the maximum amount of electricity. Conse-
quently, if the end application has a continuous ther-
mal load demand, the inlet water temperature fed into
the PVT system will be lower and will lead to higher
thermal and electrical efficiencies of the system.

Figure 8 shows the typical daily thermal load pat-
tern over a week based on energy requirement for
hot water showers on an hourly basis. It reflects very
minimal load in the afternoons when the solar radi-
ation is at its maximum. To alleviate this problem either a
hot water load can be created during the day (like washing
clothes and vessels etc.) or can have a set of backup thermal
storage tanks which can act as energy storage when the
main tanks have reached a high-temperature value.

The system required minimal maintenance and the
hostel could use the system without additional man-
power or training for the staff. The hostel improved
its score on points awarded for green building initia-
tives and did win an award as the best green hostel
in a competition amongst various hostels in the uni-
versity. The students were not disturbed by the new
system and continued to use hot water for showers as
normal. The main obstacle or bottle neck was to edu-
cate the students to choose the solar hot water line
first instead of the existing conventional electric
heater. But despite extensive orientation and posters
in individual shower cubicles, finally to improve hot
water utilisation, a relay system to switch off the
power supply to electric water heaters when the
temperature of the supply tank was above 40°C as
described in section 2.2, had to be installed.

Yearly performance

Table 4 shows the yearly performance of the installed sys-
tem during the period September to August. The daily
average of solar radiation was 4.39 kWh m™? and the
average thermal and electrical energy output were 54.3
and 26.7 kWh. The daily average hot water consumption
was 1.5m® and auxiliary energy consumption (E,) was
in the range of 1 to 3.5 kWh. The months of December,
May, June and July have lower hot water consumption
due to vacation periods resulting in lower occupancy rates
in the hostel. This is also reflected in the lower thermal
output. This again emphasizes the fact that there is a need
to have a good thermal demand to operate a PVT system
at its maximum efficiency, both thermally and electrically.

Thermal efficiency of the three different clusters
The thermal output from each cluster is calculated using
Eq. (2) below

Thermal Output = (mass flow rate across each cluster)

x (specific heat capacity of water)

x (change in temperature of flowing
water between inlet and exit
headers of each cluster)

x (At,data acquisition time interval)

(2)

Hence, the thermal efficiency of the different clusters
is given in Eq. (3) below:

Total Thermal output for a day (3)
(Daily Solar irradiation during pump ON time ) x (Collector area)

nth =

The average annual thermal efficiencies (nth) were
8, 25 and 26% for cluster 1, 2 and 3 respectively.
Cluster 1 being unglazed without additional glass
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layer with air gap has higher heat loss to ambient
and therefore has lower thermal efficiency. For clus-
ters 2 and 3 which have an additional glazing layer
on the top of the module with an air gap, the heat
loss is minimized, and the trapped heat enables the
modules to have higher thermal efficiencies. But the
challenge in this type of glazed modules is to have a
very good watertight seal for the air gap to prevent
atmospheric moisture/rainwater getting trapped inside
the air gap. Such a phenomenon does reduce the PV effi-
ciency drastically. In the current test bedding cluster 2
faced considerable moisture/water trapping in the air gap
which subsided after few days of sunshine. Cluster 3 was
also affected but with less intensity.

Electrical efficiency of the three different clusters
Electrical efficiency (nel) was defined as in Eq. (4) below

Total electrical output for a day

nel = (4)

(Daily Solar irradiation ) x (Collector area)

Since each cluster of panels were connected to individ-
ual inverters it was possible to track the individual per-
formance of the clusters. The annual average of daily
electrical efficiencies was 11.7, 7.4 and 8.2% for clusters
1, 2 and 3 respectively compared to their STC (Standard
Test Conditions) efficiencies of 14.5, 12.3 and 12.3%.
One of the main reasons for the significant drop in
efficiency for cluster 2 and 3 is the higher operating
temperature of the module due to high temperature
water flowing beneath the module and having low
heat loss due to additional glazing layer. However,
this effect can be minimized if there was sufficient
utilization of hot water which would have helped in

maintaining the tank water temperature to lower
values and would increase both thermal and electrical
efficiencies.

Economic analysis

Economic analysis was carried out as described in sec-
tion 2.2 and the results are presented below. The net
present value (based on all returns until 25 yr of system
lifetime) is calculated to be $36,430. Figure 9 depicts the
cash flow of the system during the course of system’s
lifetime and compares with that of a conventional sys-
tem using electrically powered water shower heaters
(which is assumed to have a lifetime of 10 yr).

It can be seen from Fig. 9 that the payback period
(when cumulative cash flow becomes zero) is 12.5 yr for
the current electricity price of 26 cents kWh ' and
changes to 11 and 15yr when the electricity price is 28
and 23 cents respectively. So, the PVT system is more
attractive in places where the grid electricity is of higher
cost, though it does provide enough positive impetus
even in the current price of 26 cents kWh™*.

Also, for the conventional system, though it starts off
with a small capital investment, the operating costs are
high with no benefits or savings and thus the net present
value keeps decreasing continuously. The internal rate of
return (defined as the discount rate at which cumulative
cash flow becomes zero for the period during which the
system is in good operating condition) is calculated to
be 10.2% for PVT system (for electricity cost of 26 cents
kWh™'). However, if a four-month vacation period is
taken into account, during which hot water utilization
will lower down to 25% of normal use, the internal rate
of return is 4.9% and payback period is about 22yr.
Alternatively, the whole system can be designed to meet
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only the baseload (25% in this case) which will make it
economically more favourable and the payback period of
7-8 yr can be achieved.

It should be noted that this installation, being a one-
of-a-kind or first in Singapore, the total cost is relatively
high, however, when it is reduced to practice and is in-
stalled by an established process flow, the overall price
of the system is expected to be significantly lower. With
more projects being installed the design, engineering
and approval costs can be brought down and with appli-
cations involving higher hot water utilization the returns
will be more attractive.

Conclusions

The present work demonstrated the feasibility of install-
ing a PVT system in a tropical climate. The present
study has established the typical showering thermal load
pattern in student hostels which can be used by future
researchers for simulation studies. It is clear that the
performance of a PVT system is strongly influenced by
the load profile and it is essential to make arrangements
to consume the thermal energy immediately after it is
produced, to be able to run the system efficiently. Glazed
PVT modules have higher thermal efficiencies compared
to unglazed PVT modules. It may be better to have sep-
arate flow loops and tanks for unglazed PVT collectors
to maximize energy recovery. The typical cost of a PVT
system is determined and the calculated payback period
(for a full year utilization scenario) of 12.5yr and can
further be improved with higher hot water utilization.
With more and more shortage of roof space, PVT tech-
nologies will be an attractive option, particularly in ap-
plications where there is a large thermal load during the
day and also at places where the grid electricity prices
are high.
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