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INTRODUCTION geothermal energy [1]. Geothermal energy is an environ-
mentally friendly source of energy with a wide range of
applications in many fields such as power generation, air

conditioning, along with agricultural and industrial appli-
sources such as coal and oil has become known to all, which  cations [2]. Kanoglu et al. [3] proposed the use of geother-

With the increasing consumption of energy, the environ-

mental damage resulting from the use of traditional energy

has led to resorting to renewable energy resources such as  mal energy for hydrogen production and liquefaction by
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investigating six possible models and observed that as the
temperature of geothermal water increases the amount of
hydrogen production and liquefaction as well as energy effi-
ciency increase. Rahman et al. [4] presented the thermody-
namic analyses for a double flash-binary based integrated
geothermal power plant with useful outputs of electric-
ity, floor heating and lithium carbonate. It was found that
the overall energy and exergy efficiencies are 58.41% and
66.63%, respectively.

One well-known and important application of geo-
thermal energy is the use of heat pumps for space heating
and cooling for commercial and residential buildings. The
U.S. Environmental Protection Agency recognized ground
source heat pumps (GSHPs) as being among the most
efficient and comfortable systems in heating and cooling
applications [5]. In fact, heat pumps have many advantages
by having competitive levels of comfort, low noise levels,
reduced greenhouse gas emissions. The main advantage
is their reduced electrical consumption and maintenance
costs compared to conventional systems [6]. In general,
technology of heat pumps with their various types, whether
they are air source heat pumps (ASHPs), ground source
heat pumps (GSHPs) or water source heat pumps (WSHPs),
is an efficient energy saving technology [7,8].

Heat pump systems can be described as being air source,
water source, or ground coupled, according to the source of
heat derived by the evaporator coil. Furthermore, the heat
pumps may be used to heat air or water. Thus, heat pumps
are referred to as air-to-air, air to-water, water-to-water,
ground-to-water, etc. The source itself, whether air, water,
or ground, may in turn be a receiver of thermal energy, or
a sink, from some other sources such as industrial, waste
process or renewable sources. Many authors investigated
the performance of heat pumps driven by different types
of heat source such as natural gas, propane, solar-heated
water, or absorption systems [9-12]. Each type have its rela-
tive merits or drawbacks. Air-source heat pumps are easier
to install and maintain and have a lower first cost. Ground
and water-source heat pumps are more efficient, char-
acterized by a longer lifespan and not subject to the large
variations in source temperature seen by most air-source
systems. The relative stability in the source temperature
permits optimization of the design and, generally, achieve-
ment of higher seasonal efficiencies. Air source heat pumps
have been widely studied and applied. It is well-known that
their coefficient of performance (COP) is directly related
to the air temperature. However, the instability of air tem-
perature and humidity negatively affect the efficiency of the
pumps [13].

With the emergence of the advantages of GSHPs, they
began to receive more attention from researchers. Many
researchers directed their research in analyzing COP of
GSHPs and comparing with that of ASHPs. Koyun et al. [14]
presented a thermodynamic analysis of ground-source,
water to water heat pump systems for district heating and
concluded that the value of COP of heat pump unit and the

whole system was obtained to be 2.85 and 2.64 respectively.
A system using the ground water with a fresh air precon-
ditioner, abbreviated GWHP-FAP, is proposed in order to
improve the efficiency of GSHPs [15]. The results showed
that energy saving of the GWHP-FAP is between 16.6%
and 39.2% in the cooling mode compared with traditional
GSHP system. Thermoeconomic analysis of a water-to-
water heat pump is realized for different evaporator and
condenser conditions [16]. Results showed that unit cost
of heat delivered and of entropy generation increased with
increase in the volumetric flow rate of water supplied to
the condenser and with increase in the inlet temperature of
water supplied to the condenser.

One type of heat pumps that has received less attention
from researchers is the water source heat pump WSHP,
although it has many advantages with respect to other types
of GSHPs [17]. According to ASHRAE classification [18],
this type is considered to be one of the types of GSHPs.
It is well known that water is a renewable, abundant, and
concentrated heat storing medium that can be used by
heat pumps as an energy source [19]. The use of water as a
source in WSHPs also provides other great advantages such
as high thermal performance, low initial cost, no need to
ground surface area in addition to providing a stable heat
source [20,21].

The water source can be seawater, river water, ground
water, or wastewater [22]. Water extracted from wells usu-
ally involves high energy efficiencies [23,24], however, sev-
eral factors prevent it from being widely used. Sewage water
has many advantages, such as temperature stability and rep-
resenting an important source of energy saving, especially
when heating and cooling are provided by heat pumps.
Postrioti et al. [25] presented an experimental device to
assess wastewater energy potential in civilian buildings.
The results showed the potential for improving plant per-
formance in winter conditions, in relation to combined
solutions with outdoor air-water heat exchangers, once a
correct control system is implemented.

It is well known that air conditioning and refrigera-
tion systems are characterized by a high consumption of
power. Space heating and cooling represent 63% of total
building energy demand [19]. With the development of
ocean energy exploitation, the superiority of surface water
heat pumps, SWHPs, when used for heating and cooling,
with respect to ASHPs at a low ambient temperature in
winter was investigated [26,27]. A case study of a surface
water heat pump, SWHP, installed in the city of Venice was
presented [20]. It was found that, compared to traditional
plants, lagoon water allows a saving on the energy con-
sumption higher than 20% in heating, ventilation and air
conditioning (HVAC) applications. The SWHP solution is
particularly attractive in coastal areas, despite some draw-
backs such as the influence of seawater temperature by the
outside air and the occasional occurrence of unfavorable
ocean currents. The enormous thermal inertia and verti-
cal stratification coupled with the low freezing temperature
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due to salinity indicate interesting chances for this solution,
especially compared to ASHP solution, even in severe cli-
matic conditions [28].

The effects of water source temperature and the differ-
ence between condensing and evaporating temperatures
were investigated by many researchers. Xia et al [29] pre-
sented a rule of thumb that relates the COP changes to the
change in the difference between condensing and evaporat-
ing temperatures. It states that the COP of the heat pump
improves by 2 to 4 percent for each degree by which the
evaporation temperature raised or the condensing tempera-
ture lowered. In the case of WSHPs, the actual performance
is a function of the water source temperature which can
assume a wide range of values depending on type of water,
location or seasonal conditions. An example is the lagoon
water temperature, a lake in Italy, which varies from 7.5 °C
to 19 °C in winter and from17 °C to 28 °C in summer [30].
The same holds true for ground temperatures. Al-Hinti et
al. [31] presented an inclusive experimental data for the
profile of the ground temperature at various depths in the
region of Zarqa, where the university in which this study
was conducted is located. It was found that the seasonal
cyclic environmental effect disappears starting at a depth of
5.0 m where the temperature assumes a stable throughout
the year around 21°C. The effect of wastewater temperature
system on the COP of WSHPs was also investigated [32].
It was found that the COP of a wastewater WSHP system
in heating mode was 3.36, 3.43 and 3.69 at temperatures
20, 30 and 40 °C respectively. The effect of water source
temperature and heat exchanger structure on the COP was
investigated by [13]. It was found that a drop of one degree
in the source water temperature increases COP by 2.3%. An
improvement in the COP was noticed also by increasing in
the length of each heat exchanger branch.

The application of WSHP systems in cold climates
has been extensively investigated by many researchers.
Unfortunately, not much data exists for applications of
WSHP in hot and dry climates [33]. Jordan is a country that
has high potential for geothermal water energy and never-
theless, there is no evaluation of future uses. More efforts
need to be done to highlight this potential and its applica-
tions [34].

The great diversity and difference in the conditions and
temperatures in which heat pumps operate in general makes
it important to search for a method that allows the transi-
tion between different conditions easily and at low cost. This
papers aims to introduce a novel experimental method that
deals with this need effectively and is easy to implement.
The method allows the investigation of the performance of
the different types of heat pumps including air source and
water source heat pumps, which is a types of geothermal
heat pumps, in different operating conditions without the
need to use the ground heat exchanger. It is known that the
ground heat exchanger is the most expensive part of geo-
thermal heat pumps, and it often allows studying the per-
formance of heat pumps in specific working conditions.

The method introduced here saves the high cost and allows
studying different working conditions that cannot be
achieved by installing a single ground source exchanger.

The device that was used in this study allows an easy
control of the water source temperature in addition to other
parameters of the heat pumps. Taking advantage of the
characteristics of the device used in this study, this study
aims to investigate the performance of WSHP systems,
which are a potential technology for both residential and
commercial applications, in different regions with different
climatic conditions of the world. It also aims to conduct a
comparison between the specifications and performances
of WSHPs a ASHPs. This study also highlights the impor-
tance of promoting the use of the huge potential of geother-
mal energy available in poor countries especially in the field
of air conditioning with the significant savings involved.

EXPERIMENTAL SETUP

Working principle

To investigate the effect of various parameters affecting
the performance of the WSHPs in heating mode, a test rig
was designed and built with a schematic diagram presented
in Figure 1. As shown in Figure, the model installed con-
sists of two heat pump units, the main unit, Unit 1, con-
sidered for the investigation of the performance of the
system and a secondary unit, Unit 2, introduced with the
task of providing a suitable ambient that simulates the water
source. In heating mode, the condenser of the secondary
unit is immersed in a water tank, main water tank. A water
loop is installed between this tank and another tank, aux-
iliary tank, to provide a water at a controlled temperature
that simulates the water source temperature. The evapora-
tor of the main unit is immersed in the auxiliary tank. The
condenser of the main unit is located in the conditioned
space to provide the required heating capacity. Once the set
point of the main tank temperature, representing the water
source temperature, is fixed, the rate of heat released by the
condenser of the secondary unit will be controlled to equal-
ize the rate of heat subtracted by the evaporator of the main
unit. This will ensure a maintained constant temperature
value in the main tank during the test. This temperature
simulates the water source temperature. By changing the set
point of the tank temperature another equilibrium state will
be established. Thus, the water source temperature can be
reproduced easily over a wide range as needed.

The proposed design includes two major advantages.
The first advantage is that it allows to conduct the study
without needing to design and install the water or ground
heat exchanger GHX which constitutes the main cost
source in implementing the geothermal heat pumps. The
second advantage is the flexibility provided by allowing the
water source temperature to be changed over a wide range
easily, allowing to track the work of heat pumps in various
operating conditions.
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Figure 1. Schematic Diagram of the WSHP system in heating mode.

Description of the System

The experimental set-up is installed inside the labo-
ratory of Mechanical Engineering Department at Zarqa
University. The system can operate either in heating or
in cooling modes. The details of the installed system are
shown in Figure 2.

The refrigeration circuit is built by a closed loop cop-
per tubes. Each of the two units consists of the same basic
components of any heat pump. The compressor is recipro-
cating type with rated input power of 347 W. The working
fluid is R-134a and the displacement volume is 8.21 cm?/
rev. To avoid overloading, the suction and discharge pres-
sures of the compressor were monitored during operation
of the system. The evaporator and condenser are local-
ly-made tube and fin types. A capillary expansion valve is
installed downstream from the condenser. The two water
tanks designed to transfer heat between the two units are
thermally insulated to reduce heat loss as much as possible.
A 4-way reversing valve was installed to allow switching
between heating and cooling modes.

A set of measuring devices were installed to measure the
temperatures of water entering and leaving the main tank
in addition to its flow rate. A single phase power analysis
meter is used to measure the power consumed by the com-
pressor and the whole system. Additional measurements
were also recorded for the temperatures of refrigeration gas
atinlets and outlets of heat exchangers, evaporator and con-
denser, and pressures at inlet and outlet of the compressor
of the main cycle. The specifications of measuring devices
are as follows:

o A single phase power analysis meter which can mea-
sure voltage, current, power factor, active and reactive
power; accuracy is 0.2% more or less Full Scale; sam-
pling rate is 8KHz/s and refresh 2 times/s.

o Thermostats type F/2000 used for controlling tempera-
tures in refrigerators, freezers, air conditioners; operat-
ing range from -30°C to +30°C; rating voltage is 250V,
16A, 50HZ/60HZ.

o Digital LCD Temperature Thermometers with sensor;
temperature range from -50 to +70°C; temperature
display resolution is 0.1; temperature measurement
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accuracy is 1 degree C; temperature display resolution
is 0.1.

» Water meter type winged single-jet dry-running; nomi-
nal flow rate is 2.5 m*/h; maximum flow is 3 m’/h; max-
imum working environment temperature is +50°C.

o Single manifold pressure gauge manometers compatible
for R22 R12 R134a R404A; Accuracy is + 1.6%; applica-
tion is for refrigeration; measuring range is 0-500 psi;
high quality aluminum alloy valve body.

Experimental Procedure

The experimental test was carried out in winter during
the heating period from the start of January to the end of
March. Many variables were measured and recorded every
15 minutes such as:

o Mass flow of water extracting heat from the main tank.

o Temperature of water entering and leaving the same
tank.

o Temperature of refrigerant at inlet and outlet of the
evaporator and condenser of the main cycle.

o Temperature of the water source tank.

o The power consumed by the compressor and circulat-
ing pump.

Before starting to record readings, the pump and com-
pressor were switched on and the water source tempera-
ture was set at the desired value in the main tank. Then the
conditioned space temperature was fixed. It is then waiting
for a period of time sufficient so that the temperature in
the auxiliary tank rises to assume the same of that in the
main tank. Readings for the various values were recorded
every 15 minutes. After completion, the water source set
point was changed to another value and the experiment

Figure 2. Outside view of the experimental setup.

was repeated. The water source temperature values were
changed over a wide range to cover different conditions at
which WSHPs, GSHPs and ASHPs were running.

MATHEMATICAL MODEL

The Coefficient of Performance (COP)

The coefficient of performance, COP, in heating mode
is defined as the ratio between the heating capacity and the
power consumed. It can be defined for the heat pump con-
sidering the power consumed by the compressor only and
is given by equation (1):

COPyp = QH/Vi/comp (1)

The maximum heating coefficient of performance is
that of Carnot heat pump, operating between condenser
temperature T and evaporator temperature Tj, and is
given by equation (2) [30]:

COPHP,max = TC/(TC - TE) (2)

The coefficient of performance can be defined also
for the system by including, in addition to the power con-
sumed by the compressor, the power consumed by other
devices such as pump and fan. In this case it is given by
equation (3):

COPsys = QH/M.[sys 3)
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where W, s is the total power consumed by the system.

The rate of heat extracted from the water source
The rate of heat extracted from the main tank is given
by equation (4):

QL = mwcp,w(To,w - Ti,w) (4)

where mi,, is the mass flow rate of water, ¢p,, is the
specific heat of water and (7,,, — T;,,) is the temperature
difference between outlet and inlet of the main tank. This
simulates the rate of heat extracted from water source in
case of WSHP or extracted from the outside air in case of
ASHP.

Assuming negligible hea t loss through water loop and
tanks, the rate of heat extracted by the water loop will be
equal to the rate of heat absorbed by the refrigerant in the
evaporator of the main cycle and is given by equation (5):

Qeva = mref(ho,eva - hi,eva) (5)

where 1M,,.; is the mass flow rate of the refrigerant

and (hyepq = Riepq) is the change in refrigerant enthalpy

between evaporator outlet and inlet. The refrigerant mass

flow was not measured during the test. Therefore, the rate
of heat extracted will be calculated using equation (4).

The rate of Heat Released to the Conditioned Space by
the Fan Coil Unit

The rate of heat released to the conditioned space is
equal to the heating capacity Q. From the air side, it is
given by equation (6):

QH = paf]acp,a (To.a - Ti,a) (6)

where p, is the density of the air, 7, is the volumetric
flow rate of the air, “p.a s its specific, and (T, , — T; ) is tem-
perature difference between outlet and inlet through the
fan coil unit. Neglecting the losses between the condenser
and the fan coil unit, heating capacity can be approximated
by heat rate rejected from the condenser of the main unit
and is given by equation (7):

Qcon = mref (hi,con - ho,con) (7)

where 1M,..s is mass flow is rate of the refrigerant and
(hicon — hocon) is enthalpy change of the refrigerant
between inlet and outlet of condenser.

The rate of heat rejected can be estimated also directly
by considering the first law of thermodynamics and is given
by equation (8):

Qcon = Qeva + Vi/comp (8)

whereas, the compressor power was measured during
the experiment.

The Power of the compressor, fan, and pump
The power consumed by the compressor is given by
equation (9):

Vi/comp = IcomchompCOS(D 9)
And that consumed by the fan is given by equation (10):

Wfan = IfaananCOSQ) (10)
And that consumed by the pump is given by equation
(11):

Woump = IpumpVpumpc0s® (11)

where I, V and cos@ are current, voltage and power
factor respectively. As the used device can measure the
power values directly in addition to measuring the current
and the voltage difference, the direct power values will be
adopted.

RESULTS AND DISCUSSION

To investigate the system performance, the recorded
variables were collected and analyzed by using MATLAB
software.

Energy Flow Rates

Changes with time of different energy flow rates are
shown in Figure 3. Changes in rate of heat released to the
space, rate of heat extracted from the water source and
power consumed by the system are illustrated at tempera-
ture 17 °C, typical value of water source temperature in
many locations of the word.

It can be noticed that there is a good level of stabil-
ity with some fluctuations. These fluctuations can be
attributed to surrounding temperature variations, to
fluctuations in heating load and to sensitivity of con-
trol devices and sensors. The stability of the rate of heat
extracted from the water source is a consequence of
the stability of water source temperature. This is a very
important feature of water source heat pumps with respect
to air source heat pumps, as the energy stability flow is
a guarantee of higher seasonal performance indicators.
Another consequence that can be noticed is that the sta-
bility of the rate of heat extracted from the earth if com-
bined with a relative stability of the rate of heat released to
space will be positively reflected on the compressor load,
which will also be stable and better performing. As it is
known, the rate of heat released to the space is the sum of
the rate of heat extracted from the water source and power
consumed by the compressor.
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Figure 3. Changes of energy flow rates with time.
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Figure 4. Effect of water source temperature on different energy flow rates.
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WSHPs have better performance even if they work under
the same conditions of the ASHPs.

Effect of Water Source Temperature on the Daily Average
Energy Flow Rates

By changing the water source temperature over a wide
range as shown in Figure 5, it can be seen that both the
daily average rates of extracted heat from the source and
that released to the conditioned space increase steadily. As
the water source temperature increases from 5 to 20 °C, the
heat released to conditioned space increases from about
0.37 kW to about 0.59 kW with an increase of 59.5%. This
corresponds to an average of 3.97% increase in the rate of
heat released for each degree that increases in water source
temperature. On the other hand, the rate of heat extracted
increases from 0.106 to 0.286 with an increase of 169.8%.
This corresponds to an average of 11.3% increase in the rate
of heat extracted for each degree increase in water source
temperature. This result is important as it shows the signifi-
cant increase in the extraction potential with the increase in
the water source temperature. On the other hand, the daily
average value of the power consumed by the compressor is
showing a slight increase. In fact, with the increase in the
temperature of the source from 5 to 20 °C, the power con-
sumed by the compressor has increased from 0.264 to 0.304
kW, an increase that does not exceed 15%. This corresponds
to an average of 1% increase in the rate of heat extracted
for each degree that increases in water source temperature.
This result is important, as it shows that the change in the
water source temperature does not have a significant effect
on the compressor load. These results give a distinct advan-
tage to regions that contain high temperature water sources
in terms of possibility to establish more efficient WSHPs.
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Figure 5. Effect of water source temperature on the daily
average energy flow rates.

Effect of Water Source Temperature on the Coefficient of
Performance

The assumed values by the coefficient of performance
of the system with time at the two representative values of
water source temperatures, 17 and 5 °C, are shown in Figure
6. The assumed values by COP at 17 °C, representative of
the operation of WSHPs range between 1.5 and 1.8 while
the assumed values by COP at 5 °C, representative of the
operation of ASHPs range between 1.2 and 1.4. Accordingly,
the superiority of WSHPs with respect to ASHP:s is clearly
evident. Once again it is noted that fluctuations in COP val-
ues of the coefficient of performance are small and this is
an expected result due to small fluctuations in the values
of heating capacity and power consumed. This stability, as
mentioned previously, is due to the stability at the water
source temperature. The stability of the COP values of the
system means the stability of the operation and control of
the system in general. Also, it can be noticed that the fluc-
tuations in the real working conditions of the ASHPs will
be more significant than those appear in the figure for the
reasons mentioned earlier.
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Figure 6. Effect of water source temperature on the coeffi-
cient of performance.

Effect of Water Source Temperature on the Daily Average
Coefficient of Performance

As shown in Figure 7, the daily average values of COP
of the system increases with the water source temperature.
The same trend is taken by COP of the heat pump. The
daily average COP of the system at 5 °C is around 1.3 and
increases with heat source temperature up to reach 1.68 at
17 °C. This corresponds to an improvement in performance
that exceeded 29%. These results are in good agreement
with the results provided by Biiyiikalaca et al. [35] who
investigated the effect of using the Seyhan River and dam
lake as a heat source/sink on the heat pump performance.
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They used laboratory-scale heat pump with a dimension of
4.3x5.8x2.2 m’ and a water tank of 1000 L for modeling the
lake water. Their results showed that the COP of the WSHP
is about 15-40 % and 35-40 % higher than that of the ASHP
in heating and cooling mode, respectively.

It can be noticed that if the source water tempera-
ture considered is 20 °C instead of 17 °C, the system COP
increases up to reach 1.85 with an improvement of more
than 42%. This means an average of 2.8% improvement in
the coefficient of performance for each degree increase in
water source temperature. It can be noticed that the rate of
increase in the system COP increases with the increase in
the water source temperature. Also, it can be observed that
the difference between the COP of the system and that of
the pump tends to converge slightly with the water source
temperature; this means the negative impact of the pump-
ing power tends to diminish gradually with increasing of
water source temperature.
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Figure 7. Effect of water source temperature on the daily
average coefficient of performance.

Pumping Energy Effect on the Performance

The performance of heat pumps is affected by the
required pumping energy. Kavanaugh and Rafferty [36]
have presented guidelines proposed as a benchmark for
judging the effectiveness of pumping and piping system
design. The performance was evaluated based on the ratio
of the pump input power to heating capacity. In this study
this ratio is decreasing with water source temperature as
shown in Figure 8. This ratio at water source tempera-
ture of 5 °C is equal to 0.508 and drops to reach 0.0226
at 20 °C. According to Kavanaugh and Rafferty classifi-
cation, the system is inefficient with grade E-bad at 5 °C
but is getting better as becoming acceptable with grade
C-medium at 20 °C. It can be concluded that the increase

in the temperature of water source affects positively the
performance of the heat pump by reducing the influence
of pumping energy. Other researchers have reported that
pumping energy should range between 6% and 7% of the
total system energy used [37,38]. In this study, as can be
noticed in Figure 8, this ratio is 6.7% and 4.4% at 5 °C
and 17 °C respectively. So according to this criterion as
well, the increased water source temperature reduces the
negative effect of pumping energy on the performance
of the heat pump. Also, it can be noticed that the pump-
ing power was almost not affected by the rise in the tem-
perature of the source, while the heating capacity and the
power extracted from the water have been increased. This
confirms the previously reached result that increasing the
temperature of the source leads to a decrease in the nega-
tive impact of the pumping power.

Effect of Pumping Energy on the Coefficient of
Performance

Figure 9 shows the change with time of COP and energy
flow rates of the system and the heat pump at 17 °C. The
difference is due to the difference in consumed power by
the whole system and the compressor alone. Obviously,
the largest part of the consumption is due to the com-
pressor. Fluctuations in the COP values are a predictable
consequence of the fluctuations in heat flow rates and in
consumed power as shown in Figure 3. The daily average
COP values of the heat pump unit COPy;, and the whole
system COP,at 17 °C, as shown in Figure 7, are 1.76 and
1.68 respectively. The percentage drop in the COP due to
the presence of pumping energy is 4.5%. The limited fluc-
tuations that appear in the figure, whether with regard to
the energy consumed by the compressor, or the energy con-
sumed by the system as a whole confirms the great advan-
tage of WSHPs distinguished by the stability of the loads for
the system as a whole and for all its components, compared
to ASHPs that are subject to unexpected fluctuations that
negatively affect their performance.
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Figure 8. Variation of the ratio of the pump input power to
heating capacity with water source temperature.
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Figure 9. Effect of pumping energy on the coefficient of performance.

Effect of Temperature Difference Between the Condenser
and Evaporator on Performance

It is obvious from ideal refrigeration Carnot cycle equa-
tion, that COP is inversely proportional with the tempera-
ture difference between the condenser and the evaporator.
The obtained results in this study are consistent with the

theoretical model. As can be noticed in Figure 10, the
evaporator temperature increases with the water source
temperature while the condenser temperature undergoes a
slight variation. Thus there is a decrease in the temperature
difference, and this decrease is accompanied by an increase
in the COP of the system.
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Figure 10. Effect off temperature difference between the condenser and evaporator on system performance.
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At the two typical temperatures 5 and 17 °C, which were
chosen to represent the operation of ASHPs and WSHPs,
It can be noticed that the difference between the tempera-
ture of the condenser and the evaporator are 37.1 and 28.3
°C, and the corresponding system COP values are 1.32 and
1.74 respectively. This means a decrease of 8.8 degrees in
temperature difference corresponds to 32% increase in sys-
tem COP. Comparing these results, obtained by the actual
system, with the theoretical model represented by equation
(2), which provides the maximum theoretical efficiency, it
can noticed that COP assumes at temperatures 5 and 17 °C
the value 8.5 and 11.12 respectively. This means a decrease
of 8.8 degrees in temperature difference corresponds to
30.8% increase in system COP. This result is an interest-
ing one since the improvement of the system COP with the
temperature difference in the ideal model is very close to
the improvement in the experimental model.

Another important aspect that can be noticed is the
percentage ratio between the actual value of COP and the
maximum theoretical one, or COP/COPyp,,,.%, which

represents the theoretical energy potential of the system.
By evaluating the energy potential at temperatures 5 and
20 degrees, it assumes the values 15.5% and 17.7% respec-
tively. Therefore, it can also be concluded that the WSHPs
are characterized by higher theoretical energy potential
and this feature increases with increasing water source
temperature.

Effect of Heating Capacity on the Water Coil Characteristics

An increase in heating capacity due to increase in water
source temperature was accompanied by an increase in
both the temperature difference between inlet and outlet of
water loop and mass flow rate as can be shown in Figure
11. It can be noticed that mass flow rate increasing with a
decreasing rate while temperature difference is increasing
with an increasing rate. An increase of heating capacity
from 0.37 to 0.61 kW corresponds to an increase in mass
flow rate from 0.27 to 0.65 kg/s and an increase in tempera-
ture difference from 0.85 to 1.15 °C. Also, it can be noticed
that the maximum value of temperature difference is 1.15
°C, which is very low. This can be explained by noting the
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short length of the water loop and the short time available
for heat exchange inside the tank. This also explains the low
values of the COP that were reached compared with values
practically reachable.

Usually in the actual plants, the mass flow rate depends
on the available thermal capacity of the source. Since the
source temperature can be considered constant at cer-
tain condition, the power extracted depends on the mass
flow rate, and therefore, the mass flow rate can be easily
controlled to meet the load. As can be shown in figure, if
the operating conditions change due to a change in water
source temperature, the heating capacity and the tempera-
ture difference between ends of water loop change, then the
function of the control system becomes the control of the
mass flow rate accordingly.

CONCLUSION

A special novel experimental model of water source
heat pump system was built and tested. The model has the
advantage that it allows to conduct detailed investigations
of water source heat pumps in different operating condi-
tions and compare them with other types of heat pumps
without the need to install a ground heat exchanger with the
consequent significant savings. The ground heat exchanger
was replaced with a secondary heat pump which allows to
provide a simulated flexible water source which is adapt-
able to fit the operating conditions of different types of heat
pumps included the air source heat pumps. In light of the
conducted investigation, the following conclusions can be
presented:

o  WSHP systems are a promising energy technology due
to the abundance of hot water sources in many locations
especially in hot regions distinguished by high water
potential.

o A comparison between ASHP systems and WSHP was
conducted by assigning a value of 5 °C to represent the
operation of the ASHPs and a value of 17 °C to represent
the WSHPs.

o It was found by increasing the water source temperature
from 5 to 20 °C:

- The power extracting potential from the water

source increased by 11.3% for each degree Celsius.

- The daily average COP of the system improved sig-

nificantly by 2.8% for each degree Celsius.

- The heat released to conditioned space increased by

3.97% for each degree Celsius.

o The ratio of the pump input power to heating capac-
ity was 0.508 at 5 °C and dropped to 0.0226 at 20 °C
reducing the negative impact of pumping energy on the
performance of the system.

o The ratio of pumping power to the total system power
improved from 6.7% to 4.4% as the water source tem-
perature increased from 5 °C and 17 °C.

o An increase in water source temperature from 5 °C
to 17 °C contributed to a decrease of 8.8 between the

condensing and evaporating temperatures, an improve-
ment by 32% in the actual value of COP and an improve-
ment of 30.8% in the maximum theoretical value of
COP.

o WSHPs are characterized by higher theoretical energy
potential which increased from 15.5% to 17.7% with
increasing water source temperature from 5 to 20 °C.

o There was a good level of stability in different energy
flow rates and the performance of WSHP systems with
some fluctuations despite major changes in environ-
mental conditions.

NOMENCLATURE

ASHP Air source heat pump

Cpw Specific heat of water (kJ/kg.K)
Cpa Specific heat of air (kJ/kg.K)

cop Coefficient of performance

COPyp Heat pump coefficient of performance
COP,, System coefficient of performance
COPypmax  Carnot coefficient of performance
cos® Power factor

GHX Ground heat exchanger

GSHP round source heat pump

GWHP Ground water heat pump

GWHP-FAP Ground water heat pump with a fresh air

preconditioner

Ri con Enthalpy at condenser inlet (kJ/kg)
hocon Enthalpy at condenser outlet (kJ/kg)
Ri eva Enthalpy at evaporator inlet (kJ/kg)
hoeva Enthalpy at evaporator outlet (kJ/kg)
Leomp Current of compressor (A)

fan Current of fan (A)

pump Current of pump (A)
Myer Mass flow rate of refrigerant (kg/s)
m,, Mass flow rate of water (kg/s)
Ocon Heat rate rejected by condenser (kW)
Qeva Heat rate absorbed in evaporator (kW)
Qy Heating capacity (kW)
0, Rate of heat extracted from main tank (kW)
SWHP Surface water heat pump
Tc Condenser temperature (°C)
Tg Evaporator temperature (°C)
Tia Temperature at inlet of fan coil unit (°C)
Toa Temperature at outlet of fan coil unit (°C)
Tiw Temperature at inlet of water tank (°C)

Tow Temperature at outlet of water tank (°C)
Veomp Voltage of compressor (V)

Vran Voltage of fan (V)

Voump Voltage of pump (V)

U, Volumetric flow rate of the air (m?3/s)
WSHP Water source heat pump

Wcomp Power input to compressor (kW)

Wean Power input to fan (kW)

Woump Power input to pump (kW)

Wsys Total power consumed by the system (kW)
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Greek symbols

Pa

Density of the air (kg/m?)
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