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Abstract: The vapor compression heat pumps are very popular solutions regarding heat supply
systems of modern, low energy buildings. It is partly due to the fact that they are treated as a
sustainable heat supply. The question arises: Can a vapor compression heat pump be treated as a
sustainable heat supply? To answer this question; the exergy model of a heat pump system operation
has been proposed. The proposed model has been employed for evaluation of exergy efficiency of
an existing heat supply system equipped with two heat pumps installed in an educational building
located on the campus of Poznan University of Technology, Poznan, Poland. The analysis shows that
the system exergy efficiency decreases with an increase in outdoor temperature and its values are in
the range of 10.9% to 42.0%. The primary exergy efficiency, which considers the conversion of fossil
fuel into electricity, is on average 3.2 times lower than the system exergy efficiency for the outdoor
temperature range of —9 °C to 11 °C. The performed analysis allowed for the identification of a set of
solutions that may increase the exergy and primary exergy efficiency of the system. The first solution
is to cover a part of the electricity demand by a renewable energy source. The second proposition is
to apply a low-temperature emission system for heating. The third idea is to apply a district heating
network as the heat supply instead of the heat pump. The conclusion is that the exergy performance
of systems with heat pumps is rather poor because they generate low-quality heat from high-quality
electricity. The best way to improve the primary exergy efficiency of a heat pump system is to power
the system by electricity generated from a renewable energy source.

Keywords: vapor compression heat pumps; exergy analysis; ground source heat pump; renewable
energy; exergy efficiency

1. Introduction

The vapor compression heat pumps are thought to be a sustainable solution for heating. Due to
this, they are becoming more and more commonly used in modern, low-energy buildings. However,
can a vapor compression heat pump be treated as a sustainable heat supply? This study is an attempt
to answer the question. To do this, the exergy model of a heat pump operation has been proposed.
The exergy balance analysis is based on the first and the second law of thermodynamics. This enables
both quantitative and qualitative evaluation of energy flows in thermodynamically open systems.
The quality of an amount of energy is defined as the maximal work potential of a system as it achieves
equilibrium with the surrounding environment. The environment may be both an unlimited energy
source and an energy sink.

The driving exergy of heat pumps is the most valuable form of exergy which is electricity.
The produced useable exergy is a low-temperature heat—the energy form of the lowest exergy. In some
cases, as described in the paper, the exergy performance of a heat supply system with a heat pump is
not very good. In fact, the use of traditional solutions, such as a heat exchanger connected to a district
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heating network supplied from an energy efficient combined heat and power (CHP) plant, may allow
for a significant reduction of driving exergy needs for the system operation. Researchers often study
the exergy performance of individual components of a heat pump to determine which component
is the main source of irreversibility. While designing a heat pump system, the system designer
chooses a heat pump offered by a manufacturer and has no influence on the device components.
However, the designer has an impact on operational conditions, choice of the heat source and heat
sink temperatures, and the electrical power source. For this reason, in this paper, the exergy analysis of
a heat supply system with heat pumps is presented. Moreover, three possible improvement measures
are proposed and evaluated. The analysis was performed for an existing vertical-bore, ground source
heat pump system installed in one of Poznan University of Technology buildings.

2. Literature Review

Schmidt [1] claimed that calculations based on the first law of thermodynamics and primary
energy concept alone are insufficient for the full understanding of all important aspects of energy
utilization. Application of low exergy design principles decreases the exergy demand in the built
environment and related energy suppliers. This results in a reduction of CO, emissions due to the use
of more efficient energy conversion processes.

Even though the exergy approach gives a more complete picture of energy flows, the energy
balance analysis remains the more common method of energy systems evaluation. However, some
investigations have been conducted by researchers in the exergy-based evaluation of heat pumps
performance. Cakir et al. [2] performed an experimental study using an air-to-water heat pump and
investigated the relationship between the exergy performance of the heat pump and its components.
The authors also analyzed the effects of working conditions of the components on the system
performance. It turned out that the influence of the components on the exergy performance varies
with the heat source temperature. Li et al. [3] performed an exergy analysis of both ground source
heat pump and air source heat pump in the cooling mode. The authors showed that the ground
source heat pump consumes less exergy than the air source heat pump. The reason is that the ground
source heat pump drains “cool exergy” from the ground, while no “cool exergy” is available in the
surrounding air. The second reason is a smaller temperature difference between cooling water and
heat source for the ground source heat pump. Esen et al. [4] studied the energetic and exergetic
performance of a ground source heat pump as a function of the horizontal ground heat exchanger
depth for heating purpose. The results confirmed that the energy and exergy efficiencies of the heat
pump rise with an increase in the heat source temperature for the heating season. Moreover, it was
confirmed that an increase in the surrounding environment temperature causes a decrease in both
efficiencies. The conclusion drawn by Esen et al. was confirmed by Verda et al. [5]. They compared
the exergy performance of ground source heat pumps differing in depths of the horizontal ground
heat exchanger. The authors showed that the deeper installation allows an increase of exergy output.
Habtamu et al. [6] performed a more detailed exergy analysis of a ground source heat pump coupled
with vertical ground loop pipes for heating application. The authors took into consideration the impact
of the ground depth, the brine mass flow rate, types of refrigerants, the heat delivery temperature
and the reference state of the surrounding environment. In the study by Abbasi et al. [7] regarding
exergy and sustainability analysis of a ground source heat pump that is coupled with a photovoltaic
system for cooling and heating application, the authors evaluated the exergy destruction rate and
sustainability indices of different components of the system. They considered the influence of monthly
thermal load variations on the system performance. They concluded that the system caused significant
exergy losses, especially in the heating season. The exergy destruction occurred mostly in PV panels,
condenser, and evaporator. Hu et al. [8] presented energy and exergy analysis of a ground source
heat pump installed in a public building under five different control strategies. Parameters, such as
exergy efficiency, exergy loss, COP and energy consumption, were calculated. The proposed control
strategies were compared with the actual control system—manual operation. It was concluded that the
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best control strategy is variable flow control by variable speed pumps. Menberg et al. [9] developed
a thermodynamic model of a hybrid ground source heat pump system with a supplementary boiler
for heating and cooling. The study showed that for heating and cooling different system components
attribute most to the overall exergy loss in the system. The authors concluded that improvement
measures, such as changes in the operational settings and an upgrade of the building envelope,
have a more significant impact on heating performance than on cooling performance. Moreover,
decreasing thermal loads is a more effective improvement measure than changes in the operational
settings of energy supply systems. Ozgener et al. [10] developed an energetic and exergetic model
of two ground source heat pump systems—a solar assisted vertical ground source heat pump and
a horizontal ground source heat pump. The authors based their investigation on experimental data.
The solar assisted vertical ground source heat pump achieved higher values of COP and exergy
efficiency. Cho [11] performed a comparative study on the performance and exergy efficiency of a
solar hybrid heat pump using refrigerants R22 and R744. The author ran experimental tests on a sunny
and cloudy day. Then he determined the COP values and the exergy losses. The exergy efficiency of
the heat pump using the refrigerant R22 was higher than that of the R744. Bi et al. [12] performed
a comprehensive exergy analysis of a ground-source heat pump system for building heating and
cooling. The authors derived the analytical formulae of various exergy indices. It was shown that the
indices should be used integratively. The largest exergy losses occurred in the compressor. The lowest
exergy efficiency and thermodynamic perfect degree were achieved in the ground heat exchanger.
Moreover, it was concluded that the exergy loss of the system for the heating mode is larger than for
the cooling mode. Hepbasli [13] performed an exergy analysis of a solar assisted domestic hot water
tank integrated with a ground source heat pump for a residence. The author derived exergy relations
for each system component and the whole system. Both experimental and assumed values were used
for the calculations. The exergy efficiency of the whole system was 44.06% at the reference state of
19 °C and 101.325 kPa. The greatest exergy destruction occurred in the condenser. Saloux et al. [14]
proposed an exergy modeling approach for heat pumps that do not require a knowledge of refrigerant
thermodynamic parameters. The energy and exergy balance is based on energy terms and energy
quality factors. A mathematical method for refrigerant operating temperatures calculation is proposed.
The authors presented a graphical exergy representation that allows localizing exergy losses sources.
The model was applied to water-to-water and air-to-air heat pumps. The results were compared
with the reference ones that were calculated using the classical thermodynamic cycle method. Stanek
et al. [15] performed an exergetic and thermo-ecological assessment of a heat pump powered by
electricity generated from renewable sources. The authors pointed out that the ecological efficiency
of heat pumps is dependent on their performance and on the energy mix used for the electricity
production. The efficiency can be improved by renewable energy sources application. The authors
evaluated a heat pump system using thermo-ecological cost (TEC) indices. The analyzed system
consisted of an electricity-driven heat pump, and PV panels or wind turbines that acted as the priority
electricity source.

The aforementioned studies are examples of the exergy analysis application. However, the
literature survey showed that the energy analysis is still the more popular method of energy systems
evaluation. It is used both by researchers and policymakers. Unfortunately, energy analysis is a limited
tool to analyze vapor compression heat pumps operation. It is due to the fact that the energy balance
equation considers the quantity of various energy forms without distinguishing their quality. That is
why the exergy approach based on the first and the second law of thermodynamics has to be used to
evaluate heat pump operation. Application of the exergy analysis may contribute to a more rational
consumption of energy sources due to a reduction of high-quality non-renewable energy sources
consumption. The exergy model of a heat pump and a heat supply system equipped with heat pumps
are presented below.
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3. Exergy Model of a Vapor Compression Heat Pump

Exergy balance equations of heat pump components were described in [16]. Figure 1 shows the
exergy model of a heat pump. The total exergy loss is the sum of the exergy losses caused by all
components of the heat pump: the evaporator, the compressor and electric motor, the condenser and
the expansion valve. All real thermodynamic processes are irreversible. It means that they cause
exergy destruction. For this reason, the exergy balance equations contain the internal exergy losses of
the system 5B. The exergy balance equation can be presented in a differential form—Equation (1).

. . . use . .
Bin =dB+ Bout + ‘SBext + ABHS (1)
where:

Bin, Flux of exergy entering the control volume of a thermodynamically open system, (W)

B;si Flux of useable exergy leaving the control volume of a thermodynamically open system, (W)
§B Flux of internal exergy losses of a thermodynamically open system, (W)

5Bext Flux of external exergy losses of a thermodynamically open system, (W)

ABgys Flux of change of exergy of an external heat source being in contact with a thermodynamically
open system, (W)
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Figure 1. Exergy model of the vapor compression heat pump. Reproduced from [16], publisher: 2013.

The exergy balance equations related to the heat pump components are based on the relation
between the exergy flux entering B;, and leaving Byt the control volume—Equation (2). The difference
between them constitutes the exergy loss occurring in the component dBcomponent-

Bin - Bout = 6Bcomponent 2)

Table 1 shows the exergy balance equations of the heat pump components. The nomenclature
corresponds to Figure 1. T, is the temperature of the surrounding environment and ncomp em is the
electro-mechanical efficiency of the compressor.
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Table 1. Exergy balance equations of the heat pump components.

Compressor Condenser
Bin = Bout + 8Bcomp Bin = Bout + 8Bconn
Bin = Ncowmp + By Bin =By + Bw,
) Bqut =B . Bout = B3 + BW,Z
) 8Bcomp = B1 + Ncowmp — B2 6BCOND = Bz — B3 + Bw,l — Bw,2
5Bcomp = m +(h; —hy — %'(51 —s2)) + Ncowmp §Bconp = m -(hy —hg — To-(s2 — 53))
_ COMP,i .
Ncowmr = TlcoMP,em +myy-Cyy- (Tw,l —Tw2—To- In %)
Expansion Valve Evaporator
Bin = Bout + 5BExv Bin + ABiis = Bout + 5Bgvap
Bin = B3 Bin =By
~ Bout =By . Bout =B1
' 6Bpxv = B3 — B4 _ 8Bgvap = B4 — By + ABpg _
0By = m -(hg —hy — To-(s3 — 54)) 8Bgvap = m-(hy —hy — To-(s4 —51)) + (1 - %)'QO

The exergy analysis allows calculating exergy efficiency ny, yp and primary exergy efficiency
My, p ©f the heat pump—Equations (3) and (4), respectively. The primary exergy efficiency enables an
objective evaluation of the system performance. It includes the efficiency of electricity production and
distribution np, and the ratio between specific chemical exergy of the fuel used in electricity production
and its low heating value p [17,18].

B
b HP = — 3)
Ncowmp + ABgs
Buse
Tlly;,HP = ; - 4
Nco%/llf Bp + ABys

Buse is the flux of useable exergy—Equation (5). The useable exergy is the physical exergy of the
heating water.

. . T
Buse= myy-Cyw+ (Tw,z - Tw,l —To-In TW’2> 5)

w,1

where

my, Mass flow of heating water through the condenser, (kg/s)
cw Specific heat of water, (J/(kgK))

T,y 1 Temperature of water entering the condenser, (K)

Ty 2 Temperature of water leaving the condenser, (K)

4. Case Study Description

The analysis was performed for an existing vertical-bore, ground source heat pump system
installed in an educational building located on the campus of Poznan University of Technology,
Poznan, Poland. The building of the educational center of the Faculty of Chemical Technology
of Poznan University of Technology consists of four above-ground stories and one underground
story—parking area. The above-ground stories contain auditorium halls, laboratories and consulting
rooms. The building has a total area of 12,800 m? and serves 2700 students and 300 employees. It is
built on the plane of H letter with two east and west wings joined by a passage. The analyzed system is
equipped with two heat pump units that produce 47/57 °C heating water in winter. Maximal heating
load of the building is 1650.8 kW. The heat pump system has a capacity of 350 kW and is supplemented
by a heat exchanger connected to a district heating network. When the heating load exceeds 350 kW
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the systems work together. However, the heat pump takes priority. The systems are linked through a
buffer tank. The heat pump system adjusts the heating water temperature to actual needs depending
on the outdoor temperature. The ground heat exchanger is composed of 51 vertical U-pipes. The depth
of the U-pipes is 170 m. The heat transfer medium in the primary circuit is a 15% solution of propylene
glycol. Table 2 shows the main devices list and their characteristics.

Table 2. Main devices list and their design characteristics.

Device Quantity Design Characteristics

Heating capacity: 175 kW, Input power: 60.8 kW,

Heat Pump Unit 2 4 compressors on/off mode
. 3 .
Primary cireuit circulation pump 1 Flow rate: 89.5 m” /h, Input power: 11.1 kW,
Constant speed
. 3 .
Secondary circuit circulation pump 1 Flow rate: 32.7 m”/h, Input power: 1.3 kW,

Constant speed

The electricity powering the compressors and the circulation pumps is produced in a hard
coal-fired condensing power plant and distributed via a power grid. The energy efficiency of the
electricity production and distribution system equals 33%. The supplementary heat is supplied through
the district heating network from a hard coal-fired counter pressure combined heat and power plant
(CHP). Energy efficiency of the CHP plant is 80%. The annual co-generation factor e equals 0.3.

5. Case Study—Exergy Evaluation

Model of the Heat Supply System with Heat Pumps

To perform the exergy analysis of the heat supply system with heat pumps, a calculation model
was created. The model is presented in Figure 2. There are seven control volumes (CV) covering
seven system components whose operation causes exergy losses. Table 3 presents the list of the control
volumes and the equations describing the exergy fluxes entering and leaving the control volumes.
The flux of exergy loss in each control volume can be calculated using the relation—Equation (2).

CV5-L,CP
F”\:‘I ER,

HEATING » e
SYSTEM ik
1 I\
- Tl Q)
CV6-H,CEH-_NHJ' MIXING 2i( N.ce o
O “Teva-M2
T“'i iTI [N Y -— T T T T T
rth@J s :
- TV 1 CVaMI
— : | OMIXING 1
__CViHPL | _CV2HP2
HEAT [, HEAT |
PUMP1 | T PUMP 2 |
o | <J]>-
****** - M

Figure 2. Exergy model of the heat supply system with heat pumps.
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Control Volume

Table 3. List of the control volumes and their specification.

Name of the System Component

7 of 19

CV1-HP1

Exergy Entering the CV (W)

Exergy Leaving the CV (W)

Heat pump 1

Bin = Ncompi + mpi-cwe <TLS —Tp—Tp-In TLS ) +

My -Cw (THR —To—Tp-In ]:Fﬂ)

Bout = my1-cwg <TLR1/ —To—Tp-In —Tﬁll ) +

my1-Cy (TH51 —To—Tp-In T%?)

CV2-HP2

Heat pump 2

Bin = Ncompz + mpa-cwe <TLS —To— To-In 4 ) +

mHz'CW (THR — TQ — T0~ In %)

Bout = mMi2-cwG <TLR2' —To— To-In Ty ) +

: T
Mg Cy (THSZ —To—Top-In %)

CV3-M1

Mixing of heating water supplying the
heating system

Bin = thy1-cw <TH51 —To—To'In T{fl ) +

My Cyw (THSZ —Top—To'In %)

Bout = myg-cw (THS —To—Top-In THS)

CV4-M2

CV5-L,CP

Mixing of the heat transfer medium
returning to the heat source

Bin = my;-cwg <TLR1 —To—Tp-In T““ )+

2w (Tire' — To — To- In Ty )

Bout = My -cwg (TLR ~To — To- In T )

CV6-H,CP

Circulating pump in the primary circuit

Circulating pump in the secondary

Bin = NLcp + mp-cwg (TLR' —To—Tp-In TTL*E/)

Bout = My -cwG (TLR ~To—Tp-In &

circuit

Bin = Ni,cp + mp-cw (THS —To—To-In T%f)

CV7-HS

Ground heat exchanger

Bin = Qu +my-cwg (TLR To —To- In TLR)

Qp = ABys = my -cwg(Tis — Tir)- (TGT TO)

)
Bou'r my-Cw (THS —Tyg—Tp-In THS )
)

Bout = my-cwg (TLS ~To—Tp-In T
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The exergy efficiency of the heating system with heat pumps can be derived using two methods.
The first method assumes that the sum of the exergy efficiency and relative exergy losses of all
system components is equal to 1—Equation (6). The second method is related to the definition
of exergy efficiency—exergy efficiency is the ratio between the useable exergy and the driving
exergy—Equation (7), where the useable exergy is the exergy of the heating water—Equation (8).
The two methods must give the same result. The primary exergy efficiency was calculated by the
formula—Equation (9).

N ¥ 0B
Mb,sys = 1- - (6)
Ncompr1 + Ncompz + Ny,cp + Nicp + ABus
B
Nb,sys = e - ?)
Ncompr1 + Ncowmpz + Npu,cp + N cp + ABus
5 o ! THS/
Buse= mp-cw- [ Tus' — Tar — To- In T 8)
HR
T]* - Buse (9)
b,sys — (N N N N .
Bp:(Ncompi +Ncomp2 +Nu,cp+Nrcp) 1 ABys

np
6. Calculations

To perform the calculations; some assumptions were made. They are mostly based on the heating
system design data. The minimal assumed outdoor temperature in Poznan equals —18 °C [19]. For this
temperature, the heating load reaches the highest value of 1650.8 kW. It is assumed that the heating load
falls proportionally with a decrease in the outdoor temperature achieving 0 kW at 12 °C. The heat pump
has a capacity of 350 kW, which corresponds to the outdoor temperature of 5.6 °C. At this temperature,
the bivalent point is reached. If the temperature is lower, the heat pump is supplemented by the extra
heat source—the heat exchanger connected to the district heating network. This is shown in Figure 3
which was created using meteorological data for typical meteorological year acquired from Polish
Ministry of Investment and Economic Development [20]. The total annual heat demand of the building
is 2805 MWh/a. The heat pump covers 57.8% of the demand (1620 MWh/a). The supplementary heat
source works 3680 h per year.

Qg [kW]
1600

1400
1200
1000

N\
800
600 f‘\
w00 KDH S

—

200 +—0)
HP TN 1[h]

0 T T T T T T T

0 1000 2000 3000 4000 5000 6000 7000 8000

Figure 3. Dependence between the heating load and the number of hours in one year.

The dependence between the temperature of the heat transfer medium entering the heat pump
evaporator and the outdoor temperature was derived based on exploitation data acquired from the
building management system (BMS). The medium temperature rises from 5.8 °C to 10.5 °C with
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the increase in the outdoor temperature. Figure 4 shows the dependence between the heating water
temperature and the outdoor temperature. The heating water temperature drops from 57 °C for an
outdoor temperature of —18 °C to 35 °C for an outdoor temperature of 12 °C.

tys [°C]
60
K
S
45

w S~
y ~

t ]
30 ' . ' ‘ ~ L[°C]

-18 -13 -8 3 2 7 12

55

Figure 4. Dependence between the temperature of the heating water supplying the heating system and
the outdoor temperature.

The calculations were performed for 13 values of outdoor temperature which are shown in the first
column of Table 4. The analyzed system operation started in the year 2014. The outdoor temperature
range represents the heating season outdoor conditions prevailing in the period between the years
2014 and 2018 in Poznan, Poland. The total heating load and the heating power of the heat pumps
were obtained from the graph depicted in Figure 3. The maximal heat output of the heat pumps is
350 kW. Below the outdoor temperature of 5.6 °C (bivalent point), the heat pumps generate the 350 kW.
The power demand of the compressors is dependent on the COP. The values of COP were computed
on the basis of specific enthalpies of the refrigerant R407C at the temperatures of evaporation and
condensation. Values of the temperatures were assumed based on the temperatures of the heat transfer
medium entering the evaporator and of the heating water leaving the condenser. It was assumed that
the temperature difference between the media and the refrigerant equals 5 K. For the calculation of the
COP, the tool SOLKANE 8 [21] was used. The required power of the compressors was determined
as the quotient of the heat pumps heating power and the COP. Each heat pump is equipped with
four compressors which work at a constant speed (on/off). The electric power of each compressor is
15.2 kW. It was assumed that each compressor has the electro-mechanical efficiency of 90%. The heat
exchanged in the evaporators was determined as the difference between the heating power of the
heat pump and the internal power of the compressors. The temperature of the heat transfer medium
entering the evaporator was obtained from the BMS and its mass flow was assumed to be constant and
equals 25.2 kg /s (based on the operating point of the circulating pump—Table 2, the flow rate given in
(m®/h) was recalculated using the glycol solution density of 1014 kg/m3). The temperature of the heat
transfer medium leaving the evaporator was computed on the basis of the medium mass flow, and the
heat exchanged in the evaporator. Internal efficiencies of the circulating pumps were obtained from the
manufacturer data. The amount of heat extracted from the ground was calculated with Formula (10).

Q = my-cwg (Trs — Tir) (10)
where

my, Mass flow of the heat transfer medium, (kg/s)

cwg Specific heat of the heat transfer medium, (J/(kgK))

Trr Temperature of the heat transfer medium entering the ground heat exchanger, (K)
Trs Temperature of the heat transfer medium leaving the ground heat exchanger, (K)
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Table 4. Data for calculations.

. Temperature of Temperature of Heat Temperature of
Total Heating Coefficient Power of the Power of the the Heat Transfer  the Heat Transfer Exchanged the Heating Temp eratu.re of
Outdoor . Power of Compressors Compressors . . . . . the Heating
Heating of R P Medium Medium Leaving  with the Heat Water Leaving .
Temperature the Heat Working in Working in the . . . . . Water Entering
Load Performance Entering the the Circulation Source the Circulating
Pumps the HP1 HP2 the Condenser
Evaporator Pump (Ground) Pump
to (°O) Qg (kW) Qu (kW) COP () Ncomr1 kW) Ncompz (kW) ts (°C) tir (°C) QL (kW) tus” (CO) tar (°C)

-9 1155.6 350.0 2.52 60.8 60.8 5.8 3.12 230.5 53.3 441
-6 990.5 350.0 2.68 60.8 60.8 5.9 3.22 230.5 515 423
-3 825.4 350.0 2.87 60.8 60.8 6.2 3.50 230.5 49.4 40.2
0 660.3 350.0 3.12 60.8 60.8 6.7 3.96 230.5 47.0 37.8
3 495.2 350.0 3.43 60.8 45.6 7.3 4.43 244.1 44.4 352
5.6 352.2 350.0 3.78 60.8 45.6 8.0 5.13 244.1 4.0 32.8
6.5 302.6 302.6 3.93 45.6 45.6 83 5.80 210.5 41.1 33.1
7.3 258.6 258.6 4.05 45.6 30.4 8.5 6.42 180.1 40.3 33.5
8.1 214.6 214.6 4.22 30.4 30.4 8.8 7.05 149.8 39.5 33.8
8.9 170.6 170.6 4.37 30.4 15.2 9.1 7.69 119.4 38.6 34.1
9.7 126.6 126.6 4.55 15.2 15.2 9.4 8.34 89.1 37.7 34.4
10.5 82.5 825 4.74 15.2 15.2 9.7 9.17 45.1 36.9 34.7

11.3 38.5 38.5 4.95 15.2 0 10.0 9.8 14.7 36.0 34.9
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The depth of the vertical-bore heat exchanger is 170 m, so the ground temperature was assumed
to be constant and equal to 10 °C. The total mass flow of the heating water was assumed to be constant
and was determined on the basis of the operating point of the circulating pump (Table 2). The flow rate
given in (m3/h) was recalculated using a water density of 1000 kg/m?>. The heating water mass flow
equals 9.1 kg/s. The heating water temperatures were obtained from the graph depicted in Figure 4.

The energy efficiency of electricity production and distribution np was calculated as a reciprocal
of the Primary Energy Factor for generation and delivery of electricity to a building. In Poland the
Primary Energy Factor equals 3 [22], so the energy efficiency of electricity production and distribution
np equals 0.33. The ratio between specific chemical exergy of the fuel used in electricity production
(hard coal) and its low heating value 3p equals 1.09 [16].

The aforementioned assumptions were used for the exergy analysis of the heating system.

7. Results and Discussion

7.1. Exergy Analysis of the Actual System

The calculated exergy losses in the system components are presented in Table 5. The same results
are depicted in Figure 5. Additionally, the pink line represents the total exergy losses of the overall
system ) 6B;. For the outdoor temperatures below 0 °C, despite the fact that the heating power
provided by the heat pumps is constant, the total flux of exergy losses increases from 86,755 W for the
outdoor temperature of —9 °C to 95,118 W for 0 °C. For this temperature range, the heat pumps work
at full capacity, so all eight compressors are on. It means that the driving exergy flux, which enters
the system through the operation of the compressors, is constant in this temperature range. However,
the useable exergy flux (exergy of the useable heat transferred by the heating water) decreases with
an increase in the outdoor temperature. The outdoor temperature acts as the reference temperature.
The difference between the outdoor temperature and the heating water temperature represents the
maximal work potential of a system as it achieves equilibrium with the surrounding environment.
If the difference declines, the useable exergy also drops.

Table 5. Exergy losses in the system components.

Outdoor Heat Heat o o Circul'ating Ground (.Zirculating Pump

Temperature Pump 1 Pump 2 Mixing 1 Mixing 2 Ifump m.the. Heat in the §ecqndary
Primary Circuit  Exchanger Circuit

t, (°C) 8Bypr W) 8Bppz (W) 8Byvg (W) 8Bz (W) 8B, cp (W) 8Bys (W) 8By,cp (W)

-9.0 35,241.8 35,241.8 206.5 0.0 10,668.4 4278.7 1117.5
—6.0 36,448.4 36,448.4 191.5 0.0 10,774.8 4248.2 11325
-3.0 37,878.0 37,878.0 175.7 0.0 10,874.6 4070.9 1148.3
0.0 39,541.9 39,541.9 158.9 0.0 10,967.7 37427 1165.1
3.0 38,250.2 29,404.5 231.1 27.9 11,059.9 3524.0 1182.8
5.6 40,317.5 30,969.7 217.1 28.1 11,129.1 2947.1 1199.1
6.5 30,858.4 30,858.4 119.1 0.0 11,137.4 2193.4 1204.9
73 30,444.3 20,825.8 214.2 30.7 11,144.0 1602.0 1210.2
8.1 20,449.6 20,449.6 108.5 0.0 11,150.2 1096.0 12155
8.9 19,805.4 10,230.3 226.4 39.4 11,155.8 679.8 1220.9
9.7 9643.3 9643.3 97.6 0.0 11,161.0 357.8 1226.4
10.5 11,712.7 11,712.7 92.0 0.0 11,159.8 90.3 1232.0
113 11,988.5 0.0 144.3 13.0 11,164.0 34 1237.7

In the outdoor temperature range between 0 °C and 3 °C, the total flux of exergy losses drops
because of a reduction of the working compressors number from eight to seven. In the temperature
range between 3 °C and 5.6 °C (bivalent point), the total flux of exergy losses decrease because the
number of the working compressors remains the same and the reference temperature rises.

Above the temperature of 5.6 °C the heating power provided by the heat pumps decreases because
the heat demand is lower. When the outdoor temperature is between 5.6 °C and 12 °C, the total flux of
exergy losses drops rapidly with an increase in the outdoor temperature. This is caused by a significant
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reduction in electrical energy consumption. For this outdoor temperature range, the influence of the
useable exergy flux reduction is marginal.
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Figure 5. Exergy losses of the system components, useable exergy and driving exergy depending on
the outdoor temperature.

The amount of exergy destroyed in a system component equals the ideal thermodynamic
improvement potential. Heat pumps transfer heat from a low-temperature reservoir to a
high-temperature reservoir what results in an increase in the exergy of the heat. However, the analysis
showed that the most significant exergy losses occur in the heat pumps. This is due to the significant
electricity consumption of the compressors. Electricity is the energy form of the highest quality.
It means that the ratio of exergy to energy equals one. Heat is the energy form of the lowest quality.
The ratio of exergy to energy is always less than one and depends on the temperature of the heat.
In a heat pump process, electricity is converted into heat, so the energy form of the highest quality is
degraded to the energy form of the lowest quality. This causes significant exergy losses. The exergy
losses can be reduced by increasing the COP value. This can be achieved by decreasing the temperature
difference between high- and low-temperature reservoirs.

The circulating pump in the primary circuit is the second most important component where
exergy losses occur. The exergy losses are caused by electricity consumption. Due to the constant flow
rate of the heat transfer medium, the electricity consumption is also constant and independent of the
outdoor temperature. The exergy losses occurring in the pump are decreased by the heat transfer
medium exergy increase. This increase is a result of energy dissipation and temperature rise. For this
reason, the exergy increase is dependent on the outdoor temperature. Therefore, the exergy losses
occurring in the circulating pump slightly increase with the outdoor temperature.

Exergy losses occurring in the ground heat exchanger are dependent on the amount of the
exchanged heat, the ground temperature, and the outdoor temperature. Exergy losses in the ground
heat exchanger decrease with an increase in the outdoor temperature. The fall is steeper for the outdoor
temperatures above 5.6 °C due to the decreasing amount of the exchanged heat.

The remaining system components have a negligible impact on the total exergy losses.

Figure 6 presents the dependence between exergy efficiencies and the outdoor temperature.
The exergy efficiency was calculated by the Equations (6)—(8). The primary exergy efficiency was
calculated based on Equation (9). The exergy efficiency decreases with an increase in the outdoor
temperature. For the outdoor temperature of —9 °C, the exergy efficiency equals 42.0%. For the
temperature corresponding to the bivalent point—5.6 °C, the efficiency equals 29.2%. For the
temperature of 11.3 °C, the exergy efficiency is only 10.9%. The exergy efficiency of the system
falls with an increase in the outdoor temperature even though the absolute value of exergy losses falls
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as well. Figure 5 presents the useable exergy flux, the exergy losses flux, and the driving exergy flux
in dependence on the outdoor temperature. This comparison help understanding why the exergy
efficiency falls when the exergy losses go down as well. The first reason is the decrease in useable
exergy. This decrease is a result of the fall in the temperature difference between the heating water
and the ambient environment. Moreover, together with the decrease in the exergy losses, the driving
exergy consumption declines too. Because the fall of the driving exergy consumption is more rapid,
the values of the exergy losses and the driving exergy consumption are becoming closer and closer
together, what results in the decrease in the exergy efficiency.
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Figure 6. Exergy efficiency and primary exergy efficiency depending on the outdoor temperature.

The primary exergy efficiency includes the efficiency of electricity production and distribution np,
and the ratio between specific chemical exergy of the fuel used in electricity production and its low
heating value 3p. The primary exergy efficiency is on average 3.2 times lower than the system exergy
efficiency in the outdoor temperature range between —9 °C and 11 °C. For the outdoor temperature of
—9 °C, the primary exergy efficiency equals 13.7%. For the temperature corresponding to the bivalent
point—5.6 °C, the efficiency equals 9.0%. For the temperature of 11.3 °C, the primary exergy efficiency
is only 3.3%.

Vapor compression heat pumps are treated as a sustainable heat supply because they extract
energy from the surrounding environment. The analyzed heat pump system extract energy from the
ground. According to the design data, COP of the heat pump equals 2.8. It means that 2.8 units of heat
are generated using only 1 unit of electricity and 1.8 units are extracted from the ground. Since the
heat accumulated in the ground is renewable and widely available, from the energetic point of view,
heat pumps are very good solutions.

However, compressors are electrically powered. While electricity is the energy form of the highest
quality, heat is the energy form of the lowest quality depending on its temperature. In a heat pump
process, the energy form of the highest quality is degraded to the energy form of the lowest quality.
This causes significant exergy losses. Therefore, heat pumps, that are very energetically efficient, have
a very low exergy efficiency. The primary exergy efficiency is even lower because the energy efficiency
of electricity production and distribution in Poland is only 33% [22].

The exergy analysis showed that the most significant exergy losses occur in the heat pumps’
compressors. This is due to the electricity consumption. That is why three improvement measures
were proposed. The first solution is to cover a part of the electricity demand by a renewable energy
source. The second proposition is to apply a low-temperature emission system for heating. The third
idea is to apply a district heating network as the heat supply instead of the heat pumps.
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7.2. Solution 1—Part of the Electricity Demand Covered by a Renewable Energy Source

System exergy efficiency is independent of the method of electricity production. The efficiency
is the ratio between the useable exergy and the driving exergy regardless of its source. However,
the driving exergy source has an impact on the primary exergy efficiency. The first proposed concept
is to cover a part of the electricity demand by a renewable energy source, for example, PV panels.
Figure 7 presents the dependence between the primary exergy efficiency of the heat pump system
and the percentage of electricity demand covered by a renewable energy source. Solution 1 has a
great positive impact on the primary exergy efficiency of the heat pump. Moreover, the larger the
contribution of the renewable energy source, the greater the impact, which is visible in Figure 7. When
the entire electricity demand is covered by a renewable energy source, the primary exergy efficiency
reaches the value of the system exergy efficiency.
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Figure 7. Primary exergy efficiency depending on the contribution of electricity demand covered by a
renewable energy source.

7.3. Solution 2-Low-Temperature Emission System for Heating

The second proposition is to apply a low-temperature emission system for heating. Figure 8
presents the dependence between the temperature of the heating water supplying the heating
system and the outdoor temperature for the low-temperature emission system. Application of the
low-temperature emission system allows rising the heat pumps efficiency expressed as COP. Therefore,
this solution allows for decreasing electricity consumption by 25%. However, it does not affect the
exergy performance, which is shown in Figure 9. This is due to a fall in the heating water exergy which
is caused by the reduced temperature difference between the heating water and the environment.
The decrease of the driving exergy is balanced by the fall in the useable exergy, so the exergy efficiency
remains almost the same. Solution 2 allows decreasing energy consumption of the system significantly.
Nevertheless, it does not improve the exergy efficiency.
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Figure 8. Dependence between the temperature of the heating water supplying the heating system and
the outdoor temperature for the low-temperature emission system.
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Figure 9. System exergy efficiency and primary exergy efficiency of the actual system and the
low-temperature system depending on the outdoor temperature.

7.4. Solution 3—Heat Pump Replaced by a Heat Exchanger Connected to a District Heating Network Supplied
from an Energy-Efficient CHP Plant

The third idea is to apply a district heating network supplied from energy efficient CHP plant as
the heat source to replace the heat pump. The primary energy efficiency was calculated as the ratio
between the useable exergy and the driving exergy. In the case of the CHP plant, the avoided cost
principle has to be taken into consideration [23]. The driving exergy was calculated with the Equations
(11)—(15). The useable exergy value was calculated by Equation (8).

Nel

Qn
N = e-Qp (12)
.C - N
fp o = 3N (13)

NcHP
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- heat .CHP N
Fch = HEeh — = (14)
np
R . heat - heat
Bariv = Brch = B-Hpen (15)

where

e Annual co-generation factor, 0.3 (as for typical coal-fired CHP plant in Poland)
N Electrical power produced in the CHP plant in co-generation with heat, (W)

Qp Heat flux produced in the CHP plant in co-generation with electricity, (W)

- CHP
Hg o, Total driving energy required for the CHP plant operation, (W)
Ncup Energy efficiency of the CHP plant, 0.80

- heat
H}:e;1 Driving energy used for the heat production in the CHP plant, (W)
Np Energy efficiency of the electricity production and distribution system, 0.33

. heat
BFECE;1 Driving exergy used for the heat production in the CHP plant, (W)
3 Ratio between specific chemical exergy of the fuel used in CHP plant and its low heating value, 1.09

Figure 10 presents a comparison of the primary exergy efficiencies of the system with heat pumps
and of the system with the heat exchanger connected to the district heating network. In the analyzed
outdoor temperature range, the system with heat exchanger achieves on average 1.7 times higher
primary exergy efficiency in comparison to the heat pump. Nevertheless, as in the case of the heat
pump, the primary exergy efficiency of the system with the heat exchanger decreases with an increase
in the outdoor temperature. This is due to a fall in the temperature difference between the heating
water and the surrounding environment. The primary exergy efficiency of the system with the heat
exchanger is higher because the driving exergy is much lower, which is visible in Figure 10. The lower
driving exergy value is a result of higher energy efficiency of the heat production and distribution
compared to the efficiency of electricity production and distribution. The difference between the
primary exergy efficiency of the system with the heat pump and the system with the heat exchanger
falls with the rise in the outdoor temperature. This is caused by an increase in the energy efficiency of
the heat pump due to a decrease in the heating water temperature.
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Figure 10. Primary exergy efficiency and driving exergy for the system with heat pump and of the
system with a heat exchanger connected to the district heating network.
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8. Conclusions

The paper presents exergy analysis of a heat supply system with vapor compression heat
pumps. The analysis regarding a vertical-bore, ground-source heat pump was performed. The heat
pump system is installed in an educational building located on the campus of Poznan University of
Technology, Poznan, Poland. The purpose of the research was to evaluate the system from the exergy
point of view and to indicate some solutions that allow rising system exergy efficiency and primary
exergy efficiency of the system. The analysis confirmed that heating systems are dissipative. It means
that the entire driving exergy is used to cover the internal and external exergy losses. In the performed
analysis, effects of seasonal thermal load variations on the performance of the system were investigated.
The flux of exergy losses generally decrease with an increase in the outdoor temperature. The most
significant exergy losses occur in the heat pumps’ compressors due to electricity consumption.

Three solutions that allow increasing the primary exergy efficiency of the heat supply system
were proposed. Solution 1 is to cover a part of the electricity demand by a renewable energy source.
This solution has a great impact on the primary exergy efficiency of the heat pump system. Moreover,
the larger the contribution of the renewable energy source, the greater the impact. Solution 2 is to
apply a low-temperature emission system for heating. This solution allows for decreasing energy
consumption of the system. However, it does not affect the exergy efficiency. Solution 3 is to apply
district heating network as the heat source instead of the heat pump. This solution enables an increase
in the primary exergy efficiency of the system on average 1.7 times.

The most efficient way to increase the primary exergy efficiency of the heat supply system, is to
power the system by electricity generated from renewable energy sources.

Heat pumps are considered as sustainable solutions for heating because they utilize the heat
of the surrounding environment. From an energetic point of view, heat pumps application is an
effective solution. However, from the exergetic point of view, heat pumps efficiency is low because
they consume electricity, that is a high-quality energy form and generate a low-quality heat.

The exergy analysis of heating systems may contribute to a more rational use of natural resources
and to a limitation of high-quality energy consumption. Application of the exergy analysis for the
heat supply system with vapor compression heat pumps installed in one of educational buildings of
Poznan University of Technology, Poland has proved, that heat pumps are not always the optimal
choice of a heat supply.
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Nomenclature

Exergy flux, (W)

Specific heat, (J/(kgK))

Annual co-generation factor, (-)
Specific enthalpy, (J/kg)

Mass flow, (kg/s)

Electrical power, (W)

Heat, (J)

Specific entropy, (J/kgK)
Temperature, (°C)
Temperature, (K)
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Bp Ratio between specific chemical exergy of the fuel used in electricity production and its low
heating value, (-)

1 Loss, (-)

A Change, (-)

n Efficiency, (%)

T Time, (h)

Indices

COMP Compressor
COND Condenser

CP Circulating pump

DH District heating

driv Driving

em Electro-mechanical

EVAP Evaporator

ext External

ExV Expansion valve

G Ground

H High-temperature

HP Heat pump

HS Heat source

i Internal

in Entering

L Low-temperature

M Mixing

o Reference

out Leaving

p Electricity production

R Return

S Supply

sys System

use Useable

w Water

WG Glycol

* Primary
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