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Abstract: The use of solar energy in water heating applications, such as in solar-assisted heat pump
systems, has great benefits, such as reductions in heat transfer losses, control over incident solar heat,
and generation of environmentally benign water heat. In the present study, we performed parametric
optimization based on an experimental model of a solar-assisted heat pump system for water heating
(SAHPSWH) in the context of colder climatic regions receiving minimal solar radiation. Various
parameters were investigated, such as the different glazing arrangements, the distances between
fluid-circulating tubes, and the absorber sheet arrangement. The results showed that double glazing
was more efficient than single glazing, with average COP values of 3.37 and 2.69, respectively, and
with similar heat gain rates. When the evaporator tube was soldered below the absorber plate, the
COP was 1.19 times greater than when the tube was soldered above the absorber plate. We also
analyzed whether the collector efficiency factor F′ has an inverse relationship with the tube distance
and a direct relationship with the absorber plate thickness. Through this experimental study, we
verified that the SAHPSWH is reliable if designed judiciously. This promising energy-saving system
is particularly suitable for areas abundant in solar radiation, such as in India, where the needs for
space conditioning and water heating are constant.

Keywords: thermal performance; renewable energy; heat pump; solar radiation; flat plate collector

1. Introduction

To construct energy-efficient sustainable buildings in compliance with the emerging
regulations for global warming and greenhouse gas (GHG) emissions, several changes are
required [1,2]. The use of renewable sources of energy to achieve this goal has largely been
endorsed [3]. Among the renewable sources, solar energy is the most readily available
source of clean energy, with minimal costs and environmental impacts [4]. Applications
based on solar thermal energy have gained massive attention from 1970′s onwards, follow-
ing the beginning of the energy crisis [5]. The process of collecting solar arrays in the form
of energy and converting them into useful heat for water heating, space conditioning, or
agricultural or industrial applications is the basis of solar thermal applications [6]. Solar
water heating accounts for a major proportion of all applications in the market; however,
various technical flaws, such as uncertainty related to the heat gain efficiency and heat
loss, act as barriers to its promotion [7]. The integration of heat pumps for thermal ap-
plications can potentially rectify such issues [8]. The solar-assisted heat pump system
for water heating (SAHPSWH) has advantages over conventional solar water heaters in
terms of performance and initial investment, even under changing conditions and uneven
weather. The conventional systems contain water as the working fluid, while hybrid water
heating systems use a refrigerant as the working fluid, which transfers heat to the water [9].
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The SAHPSWH solves the common issues of conventional systems regarding the high
investment costs for collector components and the problems that arise due to corrosion.
In contrast, the SAHPSWH is able to work under moderate climatic conditions with solar
radiation, enhancing the energy efficiency of buildings [10]. A plethora of research studies
have experimentally and numerically [11] evaluated the potential of solar thermal hot
water collectors and their combination with heat pumps to reduce site energy consumption
in heating applications.

Jose et al. analyzed a SAHPSWH experimentally for sub-zero temperature conditions
and observed a COP value of 3.01 when heating 300 L from 14 to 55 ◦C at an ambient
temperature of 21.9 ◦C over 638 min, along with observing a transient increase in the
heating process during the first 15 min before reaching a trans-steady-state [12]. A study
based on an economic comparison between a SAHPSWH and a conventional system for
tropical and sub-tropical regions showed decreased annual operating costs, with a notable
payback time and the need for different configurations based on climatic variations [13].

By modifying solar collectors with corrugated metal roofing and a copper tube, along
with a compressor speed of 20 rps and mass flow rate of 0.01 kg/s, the COP values
obtained were between 2.5 and 5.0. The suitable mass for the storage tank was 400 kg
with a payback time of 2.3 years [14]. A combined SAHPSWH with serial and parallel
modes was experimentally and numerically validated, with the results suggesting the use
of the serial mode in winter and parallel mode in summer, with an annual average COP of
5.7 [15]. A numerical study validated the performance of the SAHPSWH under frosting
conditions, showing reliable heating performance with an average COP of 2.75 and delayed
frost formation in comparison with a traditional system. This clearly showed that with
decreased ambient temperature and increased solar radiation intensity, frost formation can
be prohibited [16].

In [17], an experimental setup involving a SAHPSWH was structured for the purpose
of both water and space heating, resulting in a COP of 2.1 for water heating and an average
COP of 2.5 for space heating under variable climate conditions. Tagliafico et al. [18] showed
the SAHPSWH approach to be very efficient, even for uneven weather conditions, proving
the approach to be environmentally friendlier than a traditional solar heater integrated
into a gas burner. The average savings in energy consumption based on different glazing
configurations were also analyzed.

Cutic et al. [19] determined that COP levels are significantly altered by alterations in
solar radiation based on convection theory, enabling the absorption of heat due to higher
ambient temperatures and lower evaporation temperatures. Bastos et al. [20] studied the
SAHPSWH prototype for the purpose of heating residential water via numerical simula-
tions and experimental validation, proving that the power consumed by the compressor
varied due to radiation and wind speed. Additionally, a decrease was observed in the
COP because of a pressure loss in the evaporator and due to the compressor not being
thermally insulated.

Buker and Riffat [21] studied a system in which solar thermal collectors were combined
with heat pumps in a single SAHPSWH, which can be used for various purposes. They
reviewed various systems from the past and present using visualizations, systematic
representations, and component classification. They experienced challenges in classifying
the systems based on a variety of parameters, configurations, and performance criteria,
which increased the level of complexity. Additionally, they found that there were separate
effects of solar heat energy on the collector efficiency and heat pump, concluding that
the SAHPSWH has great potential and could be an alternative for various purposes and
different climatic zones around the world.

Chaturvedi et al. [22] studied a sustainable SAHPSWH for low-temperature water
heating applications, analyzing the energy savings and economic feasibility of the system.
The thermal performance of the system was simulated with the help of computer software,
which embedded location-based irradiation, collector, heat pump, and other data. The
economic feasibility was checked with the help of the life cycle cost (LCC) method. It
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was found that the direct expansion approach of the SAHPSWH when compared with a
conventional electric water heater was economical, conserving energy by 60%. This system
can fulfill the demands of low-temperature water heating applications.

From the above studies, it can be inferred that the SAHPSWH is a good alternative
for various climatic zones around the world in terms of cost-effectiveness and energy
conservation. The COP values for the system vary with different structural arrangements or
with variations in solar radiation intensity and ambient temperature. The economic analysis
conducted for the system both numerically and experimentally validated its proficiency,
showing that different meteorological conditions require specific configurations to achieve
better performance. Although several studies have been presented in this review, the
full range of applications of this technology is still to be shown, since laboratory-based
experiments and real-world conditions are different. This study represents one such real-
world scenario, involving different optimization strategies. To the best of our knowledge,
as highlighted in the literature, there is no evidence of experimental optimization based
on permutations and combinations of tube arrangements and different glazing layers for
a composite climate. In this study, an experimental effort is made to optimize the design
parameters and identify the best design strategies that may help in reducing the complexity
while classifying the system.

An experimental study is performed in a composite climate in India at 29.8543◦ N,
77.8880◦ E, during the winter season, with an average temperature range of 15–20 ◦C.
This is done in order to tune the conditions to the colder climatic zone of India, so that
the results of this study can be used by designers for colder climates. With the help
of mathematical modeling, the system components are designed. The SAHPSWH is
essentially designed for domestic applications, but with further exploration could be used
for commercial applications. The experiment is conducted in an ingenious manner by using
a multiobjective optimization approach, resulting in different seasonal arrangements with
certain permutations and combinations. Minute effects of plate and tube arrangements in
accordance with suitable weather are observed. An extensive glazing and tube arrangement
study is performed in the present experiments. Firstly, the effects of different configurations
of evaporator tubes on the collector performance are evaluated, while simultaneously the
effects of glazing on the overall performance of the system are observed, showing that this
technology is sustainable for water heating applications.

The remainder of the paper is as follows. Section 2 describes the case study and
methodology employed for the experiment. Section 3 provides insights into the exper-
imental setup and instruments used. Section 4 presents the results of the experimental
investigation, while the last section provides concluding remarks.

2. Methodology

The solar water heater’s performance can be enhanced either by reducing the top heat
loss or by improving the convective heat transfer coefficients by changing the working
fluid and extracting that heat via a heat exchanger. In this study, the primary concern was
the enhancement of the thermal performance of the SAHPSWH. The effects of different
parameters, such as the configuration of the collector tubes, glazing material, ambient
conditions, and solar intensity on the flat plate collector efficiency, were assessed to expand
its commercial applications. An experimental setup was constructed as shown in Figure 1,
in which necessary parameters and component specifications, such as the absorber plate
thickness, the distance between the collector tubes, and tube diameter, were first optimized
using mathematical models, along with climatic variations measured by various measure-
ment devices. The experiment was performed in a composite climate in India in a low-cost
bamboo house to completely replicate the winter climatic conditions in the country, which
was then supported by theoretical analysis. The readings during the experiment were
taken at five-minute intervals.
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Figure 1. In-field experimental setup (location: 29.8543◦ N, 77.8880◦ E).

2.1. Mathematical Modeling

For the prediction of the thermal performance, a 1-D mathematical model was built to
predict the thermal performance, which was grounded on certain assumptions:

• The system is at a quasi-steady state within the chosen time interval;
• Negligible pressure drops occur in the evaporator, condenser, and piping;
• Both at the exits of the condenser and the evaporator, the refrigerant is considered to

be saturated;
• Compression of the refrigerant vapor is assumed to follow a polytropic process;
• Expansion of the refrigerant liquid is considered to be isenthalpic;
• The hot water storage tank is assumed to be non-stratified [23–29].

2.2. Thermal Performance of the Glazed Flat Plate Collector

Various operational and design variables influence the performance of solar collec-
tors. The useful heat gain of the collector (Qu) can be evaluated using three governing
parameters: the collector efficiency factor F′, the overall heat loss coefficient UL, and the
effective transmittance–absorptance product of the cover system (τα). Under steady-state
conditions, when tubes are placed above the operating absorber plate, the Qu of a glazed
collector can be evaluated as [30]:

Qu = F′Ac[(τα)IT −UL(Te − Ta)] (1)

UL is primarily due to the convection and radiation heat transfer from the top surface
of the collector to the surroundings. UL can be evaluated as follows:

UL = Ub + Ut + Ue (2)

The bottom heat loss and edge heat loss are both assumed to be negligible. The top loss
coefficient can be computed with the help of an empirical equation derived by Klein [31]:

Ut =

[
M(

C
TP

){
TP−Ta

M+f

}e + 1
hw

]−1

+

 σ(T2
P+T2

a)(TP+Ta)

(εp+0.059Mhw)
−1

+

{
(2M+f−1+0.133εp)

εg

}
−M

 (3)

where:
f =

(
1 + 0.089hw − 0.116hwεp

)
(1 + 0.07866M) (4)

e = 0.43
(

1− 100
TP

)
(5)
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and:

C = 520
(

1− 0.000051β2
)

for 0 < β < 70◦; use β = 70◦ when 70◦ < β < 90◦ (6)

For the single-glazed flat plate collector, M = 1, while for the double-glazed flat plate
collector, M = 2.

The convection heat transfer coefficient, hw, for the outer glass cover is determined
regarding the wind velocity V on the collector surface by the following formulae in cases
where the forced flow convection prevails:

hw = 5.7 + 3.8V (7)

A. Tubes soldered above the absorber plate

When tubes are soldered above the absorber plate, the following expression developed
by Hottel–Whilliar–Bliss is used to determine F′ [32]:

F′ =
1

WUL
πDohfi

+ 1Do
W + 1(

WUL
Cbond

+ W
(W−Do)F

)



(8)

where,

F =
tan h[m(W−Do)/2]

[m(W−Do)/2]
(9)

and
m =

√
UL/kpδp (10)

B. Tubes soldered below the absorber plate

When tubes are soldered below the absorber plate, F′ can be evaluated by using the
following expression developed by Hottel–Whilliar–Bliss [33,34]

F′ =

 1
UL

W
[(

1
UL[Do+(W−Do)F]

)
+ 1

Cb
+ 1
πDihfi

]
 (11)

F =
tan h[m(W−Do)/2]

[m(W−Do)/2]
(12)

m =
√

UL/kpδp (13)

The refrigerant mass flow rate can be determined from the volumetric efficiency of
the compressor by using the equations derived by Huang and Chyng [35]:

.
mr =

ην ×VD

ν
(14)

where:

ην = −0.0163×
(

P2

P1

)
+ 0.6563 (15)

The efficiency of the flat plate collector is as follows:

η =
Qu

AcIT
(16)
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C. Coefficient of Performance (COP) of the SAHPWSH System

The performance of the hybrid model can be determined by its coefficient of performance.
The COP of the heat pump can be evaluated as:

COP =
Themal energy rejected by the condensor

Energy input to the compressor
(17)

COP =
Qc

Wcomp
(18)

3. Experimental Setup and Instrumentation

The SAHPSWH shown in Figure 2 is a configuration that directly uses the solar
collector in place of the evaporator in the cycle to reduce inefficient thermodynamic
processes across eliminated components. Based on different studies and the present
observations, the SAHPSWH has several advantages, which were attributed to the plate
thickness being in the range of 1–5 mm, resulting in a significant increase in the COP by
0.5% but with no further increases found after 5 mm. Copper and aluminium are regarded
as ideal materials for manufacturing solar collectors, as they have good K values and high
ductility. Using R-134a as the refrigerant in the system can result in COP values at least
15% higher than those obtained using refrigerant mixtures (R-404a, R-407c, and R-410a).
The critical design properties of the refrigerant allowing satisfactory system performance
are the high thermal conductivity, evaporation enthalpy, and critical temperature. R-
134a leads to minimum corrosion problems; thus, its life is typically ten times that of the
collector carrying water as a fluid. The very low freezing point of the refrigerant can be
advantageous in experiments. By eliminating the intermediate exchanger required in the
conventional system, this improves the thermal performance of the SAHPSWH. The system
uses a solar collector for the evaporator–compressor to increase the system performance,
using a condenser as the heat transfer unit and a capillary as the expansion device, with
the following specifications for the main components.

Figure 2. Schematic diagram of the SAHPSWH.
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Collector: In the study, we used a flat plate collector measuring 1.83 m (L) × 1.22 m
(W) × 0.1 m (T) with transparent glazing as a cover on the top of a 0.3-mm-thick dark
copper plate absorber incorporated in an extruded aluminum collector box. Different types
of glazing were utilized to minimalize the heat from the absorber plate top. Fiberglass
wool was used as insulation to minimize the heat loss from the bottom and side of the
collector, along with an insulation cover for the probable exposure area responsible for
the occurrence of heat loss. Solar radiation passes through the transparent glazing on the
absorber plate over a 2.1 m2 ± 0.1 m2 absorbing area. The heat absorbed is then transferred
to the R-134a refrigerant flowing in the tubes, with inner and outer diameters of 7.8 and
8.5 mm, respectively, brazed with an absorber plate. These absorber plates were layered
with selective black chrome paint to absorb maximum radiation.

Compressor: A reciprocating hermetically sealed compressor with an input power
of 245 W and a flow rate of 5.79 cc/rev was incorporated, working on the basic principle
of increasing the pressure of the refrigerant by reducing the volume of the fluid. The
compressor increases the refrigerant pressure, which significantly contributes towards
increases in the refrigerant temperature.

Capillary: An optimized 0.91-mm-diameter copper capillary with a length of 3.048 m
was used in the construction. Two parallel 1.52 mm capillaries were used with a copper filter.
Before entering the evaporator again, it became necessary to normalize the temperature
and pressure of the refrigerant. Therefore, after losing latent heat, a reduction in pressure
can be achieved via the diffusion action within the capillary, thereby increasing the volume
of the refrigerant fluid, leading to a decrease in the pressure amongst the refrigerant.

Condenser: The condenser was used here to transfer heat to the water. The main
function of a condenser is to condense a refrigerant from its gaseous state to a liquid state,
after which its latent heat is moved to the storage tank. The condenser consisted of copper
tubes with an outer diameter (9.525 mm) and length of 9.75 m immersed in the storage tank,
which was assumed to be non-stratified, i.e., losses can be neglected while determining the
coefficient of performance.

Instrumentation/Measuring Devices: The apparatus was in the appropriate arrange-
ment to evaluate the system performance under different conditions. The measuring
devices used to collect the necessary data were a 4-channel SZ-7504 temperature scanner,
a SZ-7569-P temperature scanner, a pressure gauge, a pyranometer, an anemometer, a
sling psychrometer, an energy meter, a voltmeter, and an ammeter, with a differential pres-
sure switch as a safety device. To calculate the COP of the system, temperature readings
were taken from 4 points, namely at the inlet of the evaporator–collector, the outlet of
the evaporator–collector, the discharge port of the compressor, and the condenser outlet
using type 1 and type 2 thermocouples. Table 1 shows the measuring devices with their
measurement and uncertainty ranges.

Table 1. Measuring devices with measurement range and uncertainty data.

Measuring Instrument Measurement Range Uncertainty

Type 1 thermocouple −50–99 ◦C ±0.1 ◦C

Type 2 thermocouple −100–200 ◦C ±0.1 ◦C

Pressure gauge (bourdon type) 600–4000 mbar ±1%

Pyranometer TBQ-2 0–2000 Wm−2 7–14 µV·W−1m2

Anemometer 0.9–0.35 m/s 0.2–0.6%

4. Results and Discussion

Experiments with different sheet and tube arrangements in the flat plate collector of
the SAHPSWH with single-glazed and double-glazed evaporators were conducted under
different conditions. The effects of the tank temperature and evaporation temperature
on the COP of the hybrid system, of the heat transfer rate across the condenser, of solar
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radiation on the tank temperature, and of the various parameters of the solar flat plate
collector were investigated.

4.1. Effects of Different Tube Configurations

The nomenclature for the absorber plate and tube used for the experimental study is
shown in Figure 3, where Di is the internal diameter of the tube, Do is the external diameter
of the tube, b represents the bond width between the serpentine tube and the absorber
plate with thickness δ, and δt is the thickness of the serpentine tube used.

Figure 3. Nomenclature used for absorber plate and tube configuration.

Geometrical and physical data for the tubes obtained from the mathematical modelling
for the optimization of the SAHPWHS are represented in Table 2.

Table 2. Geometrical and physical data for evaporator tubes.

Geometrical Data Physical Data

W (m) 0.1 IT (Wm−2) 284–705

Di (m) 0.0078 UL (Wm−2K−1) 5.26–6.08

Do (m) 0.0085 hfi (Wm−2K−1) 1000

δ (m) 0.0003 k (Wm−1K−1) 387

Ac (m2) 2.23 τ α 0.8

The following two cases were considered to evaluate the effects of different tube
configurations on the solar plate collector. Case 1: In this case, the evaporator tubes were
soldered above the absorber plate, with the cross-section area of the serpentine tubes shown
in Figure 4a. Case 2: In this case, the evaporator tubes were soldered beneath the absorber
plate SAHPSWH, with the cross-section area of the serpentine tubes shown in Figure 4b.

Figure 4. Cross-sections of the serpentine tubes: (a) above the absorber plate; (b) below the absorber plate.

The experiment was performed in a cold climate after establishing steady-state con-
ditions with varying solar intensities on different days and with variations in ambient



Energies 2021, 14, 3534 9 of 17

temperatures. The data recordings for solar intensity were carried out at 30 min intervals
for the two cases, which were almost the same as observed in Figure 5.

Figure 5. Solar intensity variations with time.

The thickness of the absorber plate and pitch W (center-to-center distance of tubes)
were mathematically computed for economical optimization of the experiment, as a low
value of W will result in an increased length and a higher δ value will increase the material
cost. Additionally, the F′ value was observed to be strongly influenced by W and δ in
Figure 6a,b, as F′ increased with an increase in the thickness of the absorber plate and
correspondingly decreased with an increase in the W value; therefore, the optimal pitch
and thickness for absorber plate for the experiment were 0.1 and 0.003 m, respectively.

Figure 6. Collector efficiency factor variations due to different factors: (a) pitch of tubes; (b) absorber plate thickness.

The effect of the efficiency of the collector (η) on the F′ (Figure 7) resembled the
prominence of the collector tube arrangement, i.e., when placed below the absorber plate, η
values ranged from 46% to 58%, with variations in F′ ranging between 0.75 and 0.83, while
η values ranged from 60% to 75% when the tubes were placed above the absorber plate,
with varying F′ values ranging from 0.91 to 0.95.
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Figure 7. Collector efficiency factor variations.

Figure 8a depicts the increases in evaporator temperature with increasing solar radia-
tion. Increases in evaporator temperature also increased the performance of the SAHPSWH.

Figure 8. Effects of various factors on evaporator temperature: (a) solar radiation; (b) condenser temperature.

Figure 8b shows the effects of the evaporator temperature on the condenser tem-
perature, showing that with the increases in evaporator temperature, the working fluid
condensing temperature also increased. Nevertheless, the effects of the solar radiation on
the evaporator temperature were greater than that of the condenser temperature. When
solar radiation started decreasing, the evaporator temperature decreased irrespective of the
condensing temperature, showing that at a higher temperature, evaporation takes place in
the system, which in turn improves the performance of the system.

The evaporator temperature is not allowed to exceed a certain value, as the compressor
may get damaged when pushed beyond its operating limits. In the case of the below tube
arrangement, the evaporation temperature may have been equal to ambient temperature;
hence, better performance for the SAHPSWH was achieved as compared to the above tube
arrangement shown in Figure 9.

An increase in COP with the increasing evaporation temperature due to its higher
heat transfer rate than condenser can be observed in Figure 10. The relations between
the collector efficiency factor (F′) and collector efficiency (η) for different sheet and tube
arrangements are presented in Table 3, which shows that the efficiency of the below tube
arrangement was better than the above tube evaporator arrangement.
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Figure 9. Variations in the temperature difference (Te–Ta) with time.

Figure 10. COP of the system with varying evaporator temperature.

Table 3. Collector efficiency factor and collector efficiency values when evaporator tubes were placed
above and below the plate.

(a) Above the Plate (b) Below the Plate

Test F′ η/100 Test F′ η/100

Day 1 0.8 0.54 Day 1 0.95 0.75

Day 2 0.82 0.58 Day 2 0.95 0.72

Day 3 0.79 0.56 Day 3 0.94 0.69

4.2. Effect of Different Glazing

Experiments were performed with a single-glazed flat plate collector and a double-
glazed flat plate collector, as shown in Figure 11a,b.

Figure 11. Different evaporator setups: (a) single-glazed evaporator; (b) double-glazed evaporator.
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Figure 12 presents the increases in storage tank temperature with increasing evapo-
ration temperature. With a limited compressor capacity temperature, the evaporator is
not allowed to exceed a certain limit. According to the performance characteristic analysis
for the single-glazed evaporator, the evaporation temperature could not surpass 23.1 ◦C,
which is near ambient temperature; however, for the double-glazed evaporator, it exceeded
the ambient temperature of 36.7 ◦C, achieving better performance for the heat pump.

Figure 12. Evaporator temperature variations with storage tank temperature.

For single glazing, the evaporation temperature range was 5.9–22.6 ◦C and the maxi-
mum heat gain was 0.0696 kWh, while for double glazing, the evaporation temperature
range was 30.5–36.7 ◦C and the maximum heat gain was 0.104 kWh. If we compare both
cases, due to high evaporation temperature, greater heat gain was found with double glaz-
ing. Therefore, double glazing results in better performance than single glazing. This also
shows that the heat pump with the double-glazed evaporator produced higher evaporation
temperatures and greater heat gain at the condenser than the single-glazed evaporator,
resulting in better performance.

Figure 13 shows the effects of the evaporation temperature on COP. With an increase
in solar radiation, the evaporation temperature also increases. The condensation rate,
i.e., Qw, increases with higher evaporation temperatures and the difference between the
inlet and outlet reservoir temperatures also decreases; thus, the heat pump COP increases
with increasing evaporation temperatures. The maximum COP value for the heat pump
in the case of a single-glazed evaporator was 5.2, while in the case of the double-glazed
evaporator, the maximum COP values reached 6.96; hence, it has been shown in the figures
that the SAHPSWH with the double-glazed evaporator provides better COP values than
the single-glazed evaporator.

Figure 13. Effects of evaporation temperature on COP.
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Figure 14a shows the variations of the water tank temperature with solar radiation
during the period of the experiments. As the radiation values increase, the evaporator
temperatures also increase, meaning the heat transfer rate at the condenser also increases,
due to which the water tank temperature increases. Figure 14b shows the evaporation
temperature variation with solar radiation during the period of the experiments. It was
already mentioned that as the radiation values increase, the evaporation temperatures
also increase.

Figure 14. Temperature variations due to solar radiation: (a) water tank temperature; (b) evaporator temperature.

It can be observed from Figure 15 that the performance of the collector can be approxi-
mated by measuring the solar intensity (IT), fluid inlet temperature (Tin), and ambient air
temperature (Ta), as the efficiency of the system becomes a linear function if FR, τ, α, and
UL are assumed to be constant for a particular flow rate and collector. Figure 16 shows that
the collector efficiency highly depends on the collector’s heat removal factor. The slope of
the line ( – FR UL) in Figure 17 represents the rate of heat loss, which is lower in this case as
compared to the single glazing arrangement.

Figure 15. Performance of a typical flat-plate solar collector.

Figure 17 shows that the overall heat loss coefficient has a linear relationship with solar
intensity, but for double glazing the overall heat loss coefficient is comparatively lower than
for single glazing because the top heat loss coefficient is reduced as the number of glazing
layers increases. Figure 18 shows the variation of solar radiation with time during the
period of the experiments. There is no difference between the solar radiation in both cases.
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Table 4 shows the overall results of the experiments, depicting higher COP values when
evaporator tubes are placed below the absorber plate with a double glazing arrangement.

Figure 16. Heat removal factor variations due to the efficiency of the collector.

Figure 17. Variations of the overall heat loss coefficient with solar intensity.

Figure 18. Solar radiation variation with time.
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Table 4. Key results of the experiment.

Different Configuration Temperature Raised Energy Consumption (KWh) Time (min) COP

Tube above absorber plate 27 ◦C 0.30–0.39 55–75 2.17–2.47

Tube below absorber plate 27 ◦C 0.18–0.29 55–85 3.12–3.91

Single glazing 30 ◦C 0.35–0.43 95–110 2.26–2.98

Double glazing 30 ◦C 0.25–0.34 55–90 2.86–3.89.

5. Conclusions

This study was undertaken to examine the performance of the SAHPSWH and to find
the best sheet and tube arrangement for flat plate collectors in colder climates of India. The
experiment was performed in a composite climate during winter months. The tilt angle of
the solar collector was 50◦ during the experiment. The key conclusions are listed as follows:

• The results showed that 30 L of water could be heated from 23 ◦C to 50 ◦C in 55 to
75 min when evaporator tubes were soldered above the absorber plate, with energy
consumption rates of about 0.30 to 0.39 kWh and with COP values varying between
2.17 and 2.47;

• When evaporator tubes were soldered below the absorber plate, water was heated
from 23 ◦C to 50 ◦C in 55 to 85 min, while the energy consumption ranged from 0.18
to 0.29 kWh and the COP values of the system ranged from 3.12 to 3.91;

• It is evident that for both cases, the heat gain was almost same, while the maximum
COP was achieved in the second case. This result clearly shows that the perfor-
mance of the system with the below tube arrangement was better than the above
tube arrangement;

• The flat plate collector efficiency ranged from 46% to 58% when the tubes were placed
below the absorber plate, with F′ values ranging between 0.75 to 0.83. The efficiency
ranged between 60% and 75% when the tubes were placed above the absorber plate,
with F′ values ranging from 0.91 to 0.95;

• The efficiency factor of the collector (F′) directly affects the efficiency of the solar flat
plate collector (η), which is influenced by two parameters, namely the center-to-center
distance of the absorber tubes W and the absorber plate thickness δ. The tube distance
W had a strong influence on F′, which resulted in a decrease in F′ with an increase
in W. Consequently, by increasing the thickness of the absorber plate, a significant
increase in F′ was observed;

• For different glazing arrangements, the results showed that in the SAHPSWH, 30 L of
water could be heated from 20 to 50 ◦C in 95–110 min with single glazing and with
energy consumption of about 0.35 to 0.43 kWh and with COP ranging from 2.26 to
2.98. In the second case, the SAHPSWH with the double-glazed flat plate collector
heated 30 L of water in the morning session from 20 to 50 ◦C in about 55–90 min,
with energy consumption of about 0.25 to 0.34 kWh and with COP values ranging
from 2.86 to 3.89. For both cases, the energy gain was almost same. This result clearly
shows that the system performance with the double-glazed flat plate collector was
better than with the single-glazed flat plate collector in the SAHPSWH;

• The collector efficiency is strongly influenced by the parameter (Ti–Ta)/IT; if this
parameter increases then collector efficiency decreases, because the slope of this line –
(FR UL) represents the rate of heat loss from the collector. This slope decreased as the
number of glazing layers increased from zero to three.

The SAHPSWH model in this study showed the best energy savings and has appli-
cability for variable weather conditions. This is especially important for regions with a
composite climate such as India, where space conditioning and water heating are required
year-round. The present study has verified that the SAHPSWH is very reliable if it is
carefully designed.
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Nomenclature

Symbol Nomenclature Unit
c Specific heat capacity Jkg−1K−1

M Number of covers -
COP Coefficient of performance -
Ac Area of collector m2

hw Wind heat transfer coefficient Wm−2K−1

IT Incident solar radiation on the collector Wm−2

KP Thermal conductivity of absorber plate Wm−1K−1

Qu Useful heat gain by collector W
Ta Ambient temperature °C
TP The temperature of the absorber plate °C
UL Overall heat loss coefficient Wm−2C−1

Ut Top loss coefficient Wm−1K−1

Ub Bottom loss coefficient Wm−1K−1

Ue Edge loss coefficient Wm−1K−1

V Wind velocity ms−1

F′ Collector efficiency factor -
Te Evaporator temperature °C
εp Emissivity of absorber plate -
εg Emissivity of glass cover -
β Inclination angle of collector ◦

W Pitch of tubes m
b Width of bond m
Do Tube outside diameter m
Di Tube inside diameter m
hfi Inlet fluid heat transfer coefficient Wm−2K−1

Cbond Bond conductance mKW−1

F Fin efficiency -
δp Thickness of absorber plate m
.

mr Mass flow rate of the refrigerant (R-134a) Kgs−1

ην Volumetric efficiency of the collector -
P2 Pressure at the outlet of compressor–inlet of condenser Kgs−1

P1 Pressure at the inlet of compressor–exit of evaporator Kgs−1

η Efficiency -
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