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ABSTRACT

This paper presents an experimental energetic and exergetic comparison for a heat pump
system that can be run in different modes as air to air and air to water. Components of
the heat pump do not change when the running mode changes, except for the condenser.
This means that some external and internal effects (like compressor type, pipe lines) that
can affect the system performance will be the same for each running mode. The
comparison which was made in this study demonstrates which system leads to an
efficient conversion and supply of energy and exergy. In the analysis, four balance
(mass, energy, entropy and exergy) equations are applied to the system for the two
modes. Exergy and energy efficiency values for both systems are given, while exergy
destructions in each of the systems are determined and presented. It is seen that the heat
pump unit which has the highest COP value is the air to air type (3.45-3.8); second is
the air to water type (3.35-3.41). The exergy efficiency of the air to air heat pump (29-
32%) is higher than the exergy efficiency of the air to water type heat pump (24.1-25).
Ranking of the exergy destruction rates of the two heat pump types from high to low is
as follows: air to air and air to water.

Keywords: Heat pump; heat pump comparison; exergy; energy saving.
INTRODUCTION

Heat pumps are systems which have been widely used for years around the world,
especially in developed countries, because of their higher energy utilization and high
efficiency. The use of energy in buildings for heating and cooling is nearly one third of
the total energy consumed in the world. Due to growing concern about this, the use of
fossil fuels which will be depleted soon, and because of sustainability issues, an
alternative energy source must be found to meet the heating/cooling energy needs of
buildings. This situation has led researchers to study systems that use energy more
efficiently, more economically and decrease the cost of energy, such as heat pump
systems (Kavanaugh, 1989; Kavanaugh, Woodhouse, & Carter, 1991). Heat pump
systems are used for heating or cooling applications in buildings due to their high
energy effectiveness and reliability. The technical and thermophysical characteristics of
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heat sources or heat sinks used directly have an important role in the technical and
economic performance of heat pumps. The heat sources and heat sinks which are
commonly used or preferred in practical applications are ambient air, lake water, river
water, soil, rock, waste-water and effluent, and exhaust air. The heat pumps which use
air or water as the heat source/sink have attractive performance and usability
characteristics when designed and installed properly. Additionally, these systems are
considered a viable alternative to conventional cooling and heating systems. They offer
many performance advantages over many other heat pumps due to the outstanding heat
transfer properties of water and the much more favorable temperatures of river or lake
water or exhaust air. The advantages and disadvantages of water-source heat pump
systems have been discussed previously by several researchers (Blyikalaca, Ekinci, &
Yilmaz, 2003; Kavanaugh & Pezent, 1990; ASHRAE, 1992). The most commonly used
heat source for heat pumps is ambient air. Ambient air is free, widely available and it
can be found everywhere. However, the capacity and performance of air-source heat
pumps decreases rapidly with decreasing ambient temperature during the heating
season, and with increasing ambient temperature during the cooling season (Cakir &
Comakli, 2011; Comakli & Cakir, 2011).

Many studies and investigations have reported in the open literature on different
types of heat pumps and on comparison of them. These comparisons were made
experimentally or by simulations, according to their heat sources, heat sinks, and the
place where they were being used, the refrigerant used as working fluid, and the
structures and capacities of components in general. For instance, Bakirci et al.
conducted a study to investigate the performance of a solar-ground source heat pump
system in the province of Erzurum. The COP of the heat pump and the system were
found to be in the range of 3.0-3.4 and 2.7 to 3.0, respectively. It was also claimed that
the system investigated could be used for residential heating in the province of Erzurum,
which is a cold climate region of Turkey (Bakirci et al., 2011). Urchueguia made an
experimental comparison between a ground-coupled heat pump system and a
conventional air to water heat pump system, focusing on the heating and cooling energy
performance. For the whole climatic season, the results obtained demonstrated that a
ground source heat pump system is a viable and energy-efficient alternative to
conventional systems for heating and cooling applications in the South European
regions. In most comparative studies, heat pump systems are compared according to
their thermodynamic performance depending on the refrigerant type used (Urchueguia
et al., 2008). Another paper presents an untreated sewage source heat pump (USSHP)
system in which auto-avoiding-clogging equipment is used to continuously capture
suspended solids in the sewage. Thus, the blockage problems caused by filtration and
fouling in the heat exchanger tubes can be efficiently resolved in this system. In an
actual engineering application, the characteristic parameters of a USSHP system are
tested under typical operating conditions for heating status. Based on the test results, the
performance of the USSHP system is examined. The results indicate that the thermal
resistance of the convective heat transfer and fouling on the sewage side in the sewage
exchanger is 80% of its total thermal resistance (Rana, & Thakur, 2012; Banyal, &
Sharma, 2013; Muthucumaraswamy, & Velmurugan, 2013; Liu, Ma, & Zhang, 2014).
One study aims to evaluate the most suitable GSHP system configurations in the case of
high humidity soils and yearly balanced heat transfer at the ground side. This analysis
takes advantage of a case study sited in Venice and consisting of the restoration of an
historical building. In this analysis the GSHP system performance is calculated both in
heating and in cooling conditions using detailed simulation software developed by the
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authors and aimed at modeling the heat pump and the borehole heat exchanger
(Schibuola et al., 2013). Venkataramanamurthy and Kumar conducted a study which
presents an experimental comparison of energy, exergy flow, and second law efficiency
of R22 and its substitute R436b (hydrocarbon mixture of 52% propane (R290) 48%
isobutene (R600a)) vapor compression refrigeration cycles. The energy flow of various
points in the refrigeration cycle, and the efficiency and second law efficiency for both
R22 and R436b refrigeration cycles were compared. The results were presented
graphically and showed the location of inefficiencies (Venkataramanamurthy & Kumar,
2010).

In another study, the performance of a cascade heat pump water heating system
was investigated with a quasi-steady state analysis to find out the transient behavior of
the system. The water-heating system consists of the cascade heat pump water heater,
which uses R134a and R410A as refrigerants, and a water storage tank. The steady-state
cascade heat pump model was developed based on experimental results and the dynamic
storage tank model was created using thermodynamic equations. The model computes
the several major parameters related with the system performance, such as the heating
capacity, the power consumption, the COP (coefficient of performance), and the
temperature distribution in a storage tank. Moreover, the performance of the system is
calculated for various conditions to research the influence of ambient temperature and
hot water demand (Park, Kim, & Kim, 2013). In Waheed et al.’s (2014) study, enhanced
VRHP models were developed to reduce the heat loss and heat pump size. The
strategies adopted rely on reducing the heat differential across the heat pump by
utilizing external and utility streams, and a process stream within the system. The
thermo-economic and environmental performances of the developed models were
compared with the base case VRHP and the conventional distillation process. The
results showed that the developed models yielded considerable energy savings.
Considering the present trend of short process modification payback time, the use of an
external process stream is recommended as the best option to boost the plant
performance. In this paper, an experimental performance study was conducted on a
traditional vapor compressed refrigeration system that can be run in either air to air
mode or air to water mode with the help of a valve. The experiments were run under
different thermal conditions. The thermodynamic performance of the systems is
presented and compared for the different working conditions. The research evaluated
and compared the energetic and exergetic performance of the heat pump systems in the
two different modes, air to air or air to water, when using only one compressor.

CALCULATION AND EXPERIMENTAL WORK

Since this study focuses on comparing the exergy treatments of two different heat pump
systems, air to air and air to water, an exact and detailed exergy analysis is required. In
addition, this analysis focuses on evaluating some representative figures which in
general can be extrapolated for all heat pump modes with reasonable accuracy and
simplicity.

Evaluation of Heat Pump Characteristics
All of the measured values were used to determine the energetic and exergetic

performance. In order to make a healthy exergy analysis, it is first necessary to make an
energy analysis. Mass, energy and exergy balances are employed to determine the heat
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input, the rate of exergy destruction, and energy and exergy efficiencies. From the
measured parameters, general energy and exergy calculations of the systems are made
as follows (Rosen & Dinger, 2004; Dinger & Rosen, 2007). The heat delivered by the
condenser to the air or water is calculated by

Q.COT'I—Z:III’ _m Cp ( caout cam ) (1)

Quonveter =MuCPu (oo ~ Towin ) )
The heat extracted by the evaporator from the air or water is calculated by
Quap-air =MCP (Teain = Teaour ) @)
The power input to the compressor is calculated by
Wogmpees =V/3.C08(9). U.1 (4)

where U, I and Cos (@) are voltage (V), current (A) and power factor, respectively. The
coefficient of performance (COP) for any heat pump

Qeond
COR,,= e
T (6)

comp elec fan elec

System Exergy Analysis

Energy and exergy balances can be written as

E.in = E.out (6)
Ex = m.ex (7)
E.Xin - E-Xout = E.Xdest (8)

The specific flow exergy of the refrigerant and water is evaluated as
€X: w :(h_ho) _To(s_so) (10)

where h is enthalpy, s is entropy and the subscript zero indicates properties at the
reference (dead) state. The total flow exergy of air is determined as (Dinger & Rosen,
2007)

T T
exairZ(Cpa+a)vaapor)75{[T—J-I—ln{_r—]] +(1+1.6078 Ra,rTln( ﬁ,)
0 0

(11)
Ry To {(1"'1-607800)111[(]+1.6078co0)/(1+].6078a))]+].6078a)ln(% j}
0
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Exergy efficiency and exergy destruction of the heat pumps are as follows:

Mo = E:Xheat _ E‘Xin cond E.Xoutcond (12)
Win,elec I U COS(¢)\/§

\Nin elec :Wcomp elec +W

fans elec (13)

Exdest HP — Z EXin HP — Z Exout HP (14)

Experimental System and Uncertainties

Figures 1a and 1b show the schematic diagram and real view of the experimental
apparatus. The system was originally designed to operate with R22. The main
components of the system are a scroll compressor, an air cooled evaporator, an air
cooled condenser, a water cooled condenser, thermostatic expansion valve, and other
elements like measurement and control equipment. In addition, electrical air and water
heaters are used in order to keep the temperature of air and water passing into the
evaporator and condensers at the desired levels. Two electrical fans are used to circulate
the air on the evaporator and condenser, which is air cooled. By using the estimation
method of Kline and McClintock (1953) and Cakir (2011), maximum uncertainties of
the COP and exergy efficiency are found as follows: COP, 3.53%; exergy efficiency,
3.53%. The individual contributions to the uncertainties of the COP and exergy
efficiency for each of the measured physical properties are summarized in Table 1.

Table 1.Uncertainties in the values of the relevant variables.

Variables Uncertainty (%)
Temperature (T) 2.5
Pressure (P) 1.6
Voltage (U) 1.7
Current (1) 1.7
Power factor (Coso) 1.7
Mass flow rate (m,) 1,3

The temperature and pressure of the working fluid were measured at several
points of interest, as shown in Figure la. K-type nickel thermocouples were used to
measure the temperatures of the working fluid and the thermocouples were calibrated
with a digital temperature controller. The working fluid temperatures are measured at
the inlets and outlets of the evaporators, condensers and compressor. Four
thermocouples were used at different points of every entrance and exit of the air
channels to determine air temperatures correctly at the inlet and outlet of the air cooled
evaporator and air cooled condenser. Measurement of the temperature and humidity of
outdoor air was recorded for every test. Only one data logger was used to determine and
record all the temperature measurements which were obtained from the system.
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Figure 1a. Schematic view of the experimental setup

Figure 1b. View of the experimental setup
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Six bourdon type manometers were installed at the inlets and outlets of the
condensers, evaporators, and compressor to measure the pressures of the working fluid.
Measurement of flow rate of the water was done by using two rotameters, the flow rate
of the working fluid used in the cycle was determined with a flow meter, and the air
flow was measured using an anemometer. Compressor input current and voltage was
obtained using a multifunctional amperemeter and wattmeter which can in addition
show the Cos (¢) value. The system was charged only once for all tests with 15 Bar R22
while all the valves were in the opened position at the temperature of the external air.
When the system is to be run in the other heat pump mode, it is necessary to close the
required valves. When the tests were completed for one mode and it was required to
convert the system to the other mode, we opened all of the valves on the system and
waited for one day. Then we closed the required valves for the new mode and ran the
new tests. The tests were performed under laboratory conditions, during which the air
temperature was about 20-22°C, and the relative humidity was about 30-40%. Each
experiment was repeated at least three times under the same conditions at different
times.

RESULTS AND DISCUSSION

Two different heat pump systems were designed to run on the same experimental setup
and have the same heating capacity, using just one compressor and being controlled by
the same control equipment. The same measurement system was used. They were
compared experimentally and exergetically with each other by using the second law of
thermodynamics. Within the scope of the study presented here, the COP, exergy
efficiency and rate of exergy destruction of the heat pump types were evaluated,
discussed and compared as the results of this paper. Energetic and exergetic
performance differences between the two different heat pump types, according to the
increasing rate of temperature and according to the flow rate of the fluid used as heat
source, are expressed and compared.

Figures 2 and 3 show the change in the COP values of the two heat pump units
depending on the increasing rate of temperature and mass flow rate levels of the air
which is used as the heat source. As seen in the figures, the heat pump unit which has
the highest COP value is the air to air type; second is the air to water type. As it is
known, heat pumps are systems which transfer the heat from a low-temperature medium
to a high-temperature medium.

It is well known that the COP of heat pumps increases depending on the increase
in the heat source temperature. When two heat pump types are compared, there is a
greater increase in the COP value of the heat pumps which use air as the condenser fluid
(air to air type) than in the COP of the other type which uses air to water. The mass flow
rate of the fluid used as the heat source has a major importance for the performance of
the heat pumps. It is known that heat transfer is improved with increasing flow rate. It is
understood from Figure 3 that the COP of the heat pumps decreases with the increasing
of the mass flow rates of the fluid used as the heat source. This situation may be due to
the high air velocity in the evaporator. The time required for heat transfer decreases
with increase in air velocity. At the same time, this is mainly due to the absence of the
energy consumption of fans.
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Figure 3. COP change of heat pumps versus increasing of mass flow rate of the
evaporator fluid

The exergy efficiency of the air to air heat pump is higher than the exergy
efficiency of the air to water type heat pump, as presented in Figure 4. The heating
capacities of the two heat pump types can be synchronized easily by adjusting the mass
flow rate and temperature of the condenser fluid, even if the temperature of the
refrigerant entering the condenser is at different levels. The amount of the heat energy
given to the condenser fluid from the heat pump is controlled by this adjustment, but the
amount of the exergy given to the condenser fluid from the heat pump cannot be
controlled, since the exergy is not the only property of the systems. It is a property of
the combined system and surroundings. The exergy of a fluid is related to the properties
of the surroundings as dead state temperature. The difference between the temperature
of the surroundings and the temperature of the fluid determines the exergy of the fluid.
The mass flow rate and temperature of the air and water which are used as condenser
cooler must not be equal if it is desired to synchronize the heating capacity of the heat
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pump systems. For that reason, the amount of exergy given to the air from the
condenser is higher than the exergy given to the water. That is why the exergy
efficiency of the heat pumps using air as external fluid in the condenser is higher than
the other.

The variations of the heat pump exergy efficiencies depending on the increases
in mass flow rates of the heat source fluid can be seen in Figure 5. The exergy input of
the compressor depends on the temperature of the refrigerant which comes from the
evaporator. When the refrigerant enters the compressor at a higher temperature, it
becomes much more difficult to transfer exergy and energy to the refrigerant from the
compressor and thus the compressor causes an increase in the temperature of the
refrigerant to the higher levels. Increasing the mass flow rate of the evaporator fluid
makes the compressor use more energy and that situation causes more exergy input to
the system. After the mass flow rate of the evaporator fluid increases to the second level
or more, the compressor consumes much more energy, but simultaneously it causes a
much greater rise in the refrigerant temperature at its exit. For that reason, more exergy
is given to the condenser fluid and the exergy efficiency increases.
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Figure 4. Exergy efficiency change of heat pumps versus increasing of heat source
temperature

Figure 6 shows the exergy destruction rate changes of the two systems according
to the conditions of the evaporator fluid. As seen in the figure, ranking of the exergy
destruction rates of the two heat pump types from high to low is as follows; air to air
and air to water. As seen in the figure, the rate of exergy destruction of the air to water
heat pump is being affected more than the other, depending on the increase in the heat
source temperature. It is understood from Figure 7 that the mass flow rate of the fluid
used as the heat source is more effective on the exergy destruction rates of the heat
pumps.

The exergy destruction in any component of the heat pump is not caused only by
its inefficiencies, but also depending on the inefficiencies of other system components.
In the figures, we can clearly see the change of exergy destruction rates of the systems
based on the results of the tests, but the contributions of the various components to the
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total exergy destruction of the system must be taken into account in order to comment
on these figures. The largest exergy destruction of the heat pump systems occurred in
the condenser, followed by the compressor, evaporator and expansion valve. When air
is used as the evaporator fluid, the exergy destruction of the systems becomes higher
than other types due to the increase of exergy destruction in the compressor and
condenser. As mentioned before, using air at the evaporator causes an increase in the
refrigerant temperature in the compressor and in the condenser. In addition, the effect of
the exergy destruction rate of air fans must be taken into account. As seen in Figure 7,
the exergy destruction of heat pump systems which use air at the evaporator increases
with the increase in the mass flow rate of air due to the increase in the exergy
destruction rate of the evaporator and fans.
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Figure 5. Exergy efficiency change of heat pumps versus increasing of mass flow rate of
the evaporator fluid
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Figure 6. Exergy destruction rate change of heat pumps versus increase of the
evaporator fluid temperature
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CONCLUSION

In this paper, energy and exergy analysis of two different heat pump types (air to air, air
water) was investigated, regarding the temperature and mass flow rate changes of the
evaporator fluid which is used as the heat source. The coefficient of performance of the
heat pumps primarily depends on the temperature of the heat source. In addition, it
depends on the mass flow rate of the heat source fluid. The COP of the air to air type
heat pump is higher than the air to water type. The mass flow rate of the heat sink has a
greater effect on the COP change of the heat pump than temperature.

It is understood from the study that the exergy efficiency of the air to air heat
pump system is higher than that of the air to water type heat pump. This ranking is
similar to the result for the COP ranking. For that reason, it can be said that air to air
heat pumps perform better than air to water pumps, because the two different
performance criteria show us the same result. Variations of the exergy efficiency and
exergy destruction of the systems according to the evaporator fluid temperature and
according to the mass flow rate differ from each other. But the result of the exergy
destruction analysis supports the opinion mentioned before. When air is used at the
evaporator, the change in the mass flow rate causes a serious increase in the exergy
destruction of the system.
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