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ABSTRACT

With the limited production and use of R245fa, environmentally friendly refrigerant has attracted the attention
of researchers. Due to the similar thermal characteristics, R1233zd(E) is considered to be an ideal substitute for
R245fa in heat pump systems. In this study, the performance and economic analysis of heat pump systems with
R245fa and R1233zd(E) as refrigerants are carried out. The results show that the total cost of R1233zd(E) system is
more than 10% higher than that of R245fa system under the same heating load. With the increase of condensation
temperature, the heating capacity of both systems decreases, and with the increase of evaporation temperature, the
heating capacity increases. The variation trend of coeflicient of performance (COP) of the two systems is similar to
that of heating capacity. Under the same operating conditions, the COP of R1233zd(E) system is 19.2% higher than
that of R245fa system, and the volumetric heat capacity of R1233zd(E) is 9.0%—13.9% lower than that of R245fa.
The economic analysis results show that the investment cost of R1233zd(E) system is low under the same heat load.
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Nomenclature

Ai heat transfer area [m?]

Cenv CO, emission penalty cost [$]
Cin investment and maintenance cost [$]
Cop operational cost [$]

Cp specific heat [kJ kg™' K]

Cu total cost rate [$ s7']

cop coefficient of performance [—]
CRF capital recovery factor [—]

1 interest rate [—]

m mass flow rate [kg h™']

n system life time [year]

P pressure [kPa]

Q heat [kJ]
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T temperature [°C]

VHC volumetric heat capacity [kJ m™?]
W electricity consumption [kKW]
Greek symbols

n efficiency [—]

u emission factor [—]

o density [kg m™]

T operation hours per year [h]
17 maintenance factor [—]
Subscripts

comp compressor

cond condenser

evap evaporator

ev expansion valve

in inlet

out outlet

r refrigerant

rat ratio

sk heat sink side

sou heat source side

sub subcooling

suc suction

sup superheating

w water

wf working fluid

1 Introduction

In industrial processes, heat is usually generated through fossil fuel combustion. Insufficient com-
bustion will cause serious environmental pollution and energy waste, however. Mateu-Royo et al. [1]
reported that about 2.8% of industrial energy is discharged as low-grade heat (below 100°C). The
recovery of low-grade heat and its transformation into high-grade heat would reduce the use of
primary energy and greenhouse gas emissions. In the traditional natural gas combined cycle power
plant (CCPP), the cooling of steam at the steam turbine outlet needs to consume a lot of cooling water.
The outlet temperature of the cooling water is about 40°C, and the low-grade waste heat storage in the
cooling water is huge, which has a good recovery prospect.

In 2011, Rattner et al. [2] reported that fossil fuel usage can be significantly reduced by recovering
and upgrading the waste energy. However, such large amounts of waste energy remain unrecovered
owing to technical difficulties or economic considerations. A large portion of the waste heat energy
is low-quality heat (below 60°C), which cannot be efficiently used unless it is upgraded. Therefore,
developing high-efficiency high-temperature heat pump (HTHP) systems for waste heat recovery has
attracted considerable attention [3—5]. Assaf et al. [6] experimentally studied the application of a heat
pump in the food industry using a 50°C waste steam to produce a 75°C steam. Bamigbetan et al. [7]
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experimentally investigated a hydrocarbon HTHP using 30°C~60°C waste heat to produce heat up
to 115°C. Mahdi et al. [8] evaluated the thermoeconomic and environmental feasibilities of an air
source heat pump by recovering the waste heat of a data center under different conditions. Hu et al. [9]
developed a high-efficient centrifugal heat pump for district heating and heat recovery. The testing
results show that the COP of 500RT PSF(permanent-magnetic synchronous frequency-convertible)
centrifugal heat pump could reach 7.1, and the total system COP of the district heating system reaches
4.8. Hybrid systems have been also investigated to improve the performances of heat pump systems. In
the study of Liu et al. [10], an advanced absorption-compressor heat pump for recovering the sensible
heat of flue gas is investigated. A 151.8°C high-temperature steam was produced by using flue gas
below 150°C as a heat source. Farshi et al. [11] have introduced a cascaded compression-absorption
heat pump for waste heat recovery application. The results show that the cascaded system performs
better at high-temperature lifts than compression, absorption, and hybrid heat pumps.

R245fa, which has a global warming potential (GWP) of 858, has been widely used as a working
fluid for HTHP [12—14]. Bobelin et al. [ | 5] experimentally studied a blend of R245fa(ECO3) to provide
heat up to 140°C. In addition, the feasibility of other refrigerants like R1234ze(E), R365mfc, R236fa,
and R717 were studied theoretically. The Kigali Amendment to the Montreal Protocol that reached in
2016 had set a schedule of the consumption and production of HFCs. Considering the restrictions
on HFCs (Hydrochlorofluorocarbons), alternatives with lower GWP are increasingly used. As a
refrigerant with a GWP of 4.7~7 and almost no ODP, R1233zd(E) is considered the next-generation
refrigerant is replacing R245fa [16]. Owing to their similarities in thermal properties, R1233zd(E) has
the potential to replace R245fa directly without changes to existing systems [17]. The application of
R1233zd(E) in heat pumps have been extensively studied [18-22]. Arpagaus et al. [23,24] investigated
the performance of R1336mzz(Z), R1233zd(E), and R1224yd(Z) in a laboratory-scale HTHP with up
to 150°C supply temperature. The experimental results showed that R1233zd(E) and R1336mzz(Z) are
more efficient than R1224yd(Z) at 150°C heat sink temperature due to higher critical temperatures; the
system with an internal heat exchanger is 15%~24% higher than that of the basic cycle; by increasing
the temperature glide at heat sink side from 5K to 30K, a further 15% COP increase was achieved. A
theoretical study on low GWP HFO and HCFO refrigerants with heat sink temperatures up to 160°C
are conducted by Arpagaus et al. [25]. The results showed that R1336mzz(Z) achieved the highest
COP in the temperature range from 120°C to 160°C. Studies on heat pump systems using R245fa or
R1233zd(E) are listed in Table 1, and the main thermal properties of R245fa and R1233zd(E) are listed
in Table 2.

Table 1: Existing literature that related to heat pump systems using R245fa and R1233zd(E)

Author Working fluids Heating production (°C)  Study method
Mateu-Royo et al. [12]  R245fa/R1233zd(E)/ 110~150 Simulation
R1336mzz(Z)
Bobelin et al. [15] R245fa/R1234ze/ 100 Experiment
R365mfc/R236fa/
R717
Juetal. [18] R1233zd(F) & HCs mixtures ~ 90~160 Simulation
Zuhlsdorfet al. [19] R1233zd(E) mixtures et al. 35~50 Simulation

(Continued)
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Table 1 (continued)

Author Working fluids Heating production (°C)  Study method

Arpagaus et al. [23] R1233zd(E)/R1336mzz(Z)/ 70~150 Experiment
R1224yd(Z)

Arpagaus et al. [24] R1233zd(E)/R1336mzz(Z) 70~150 Experiment

Arpagaus et al. [25] R1233zd(E)/R1234ze(Z)/ 100~160 Simulation

R1336mzz(Z)/R1224yd (Z)

Table 2: Properties of R1233zd(E) and R245fa

R1233zd(E) R245fa
Global warming potential 4.7~7 858
Ozone depletion potential 0.00034 0
Flammability Non Non
Toxicity Low Toxicity
Atmospheric lifetime 0.07 years 7.6 years
Boling point (°C) 18.3 15.1
Critical pressure (kPa) 3573 3651
Critical temperature (°C) 165.6 154

From the above review, most research about R1233zd(E) heat pump was carried out theoretically,
as the compressor for R1233zd(E) is not yet commercially available. However, the theoretical studies
are usually developed by assuming that the compressor is well developed with a certain efficiency.
It makes that theoretical results may differ from experimental ones a lot. The economic analysis
of R1233zd(E) heat pump is hard to be conducted. Although few of them were experimentally
investigated, they focused on the recovery of the high-temperature waste heat of 80°C-90°C, the
recovery of waste heat with a temperature around 35°C by using R1233zd(E) heat pump has not
been reported yet. The main objectives of this study are to test R245fa and R1233zd(E) heat pumps
prototypes by using a commercial available compressor, and to present the experimental results of
the heat pumps for low-temperature heat recovery. An economic comparison between R245fa and
R1233zd(E) heat pump systems is also carried out.

2 Experiment

2.1 Experimental Setup and Conditions

A schematic of the experimental setup is shown in Fig. 1a, and the experimental setup is shown
in Fig. Ib. The heat pump system consists of a compressor, condenser, evaporator, receiver, and
expansion valve. A water flow meter and several pressure and temperature transducers are installed in
the loop. The compressor model is 2DES-3Y and is manufactured by Bitzer. The electrical expansion
valve made by Danfoss is adopted, and two plate heat exchangers are adopted for the condenser and
evaporator, respectively. An Oval type U mass flow meter is used to detect the mass flow rate of the
heat pump cycle. Two water cycles are used as a heat source and heat sink, respectively. The system is
well insulated with foam insulation materials.
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Figure 1: (a) Schematic of the heat pump system; (b) Experimental set-up

Temperature is detected through resistance temperature detectors, which have an uncertainty
of £0.05°C. Pressure transducers have an accuracy of 0.13% and are used to detect pressure. The
mass flow meter, which can measure two-phase flow, has an accuracy of +0.1%. The transducers are
connected to a data collector, connected to a computer. All experimental data are obtained under a
stable operation of the system. And the experiment process is conducted as follows: when condensing
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temperature or evaporating temperature is changed, the mass flow rate of the heat pump cycle is
adjusted to the same value.

The experimental conditions are listed in Table 3. The waste heat source is the cooling water
of a conventional combined cycle power plant; it has a temperature of 40°C, and the evaporating
temperature is set as 35°C. The compressor is operated at a frequency of 60 Hz. Two commercial
plate heat exchangers (Alfa Laval AC70X-22MX) are used as evaporators and condensers. The
commercially purchased Honeywell Solstice® R1233zd(E) is used in the present study.

Table 3: Experimental conditions

Parameter Value
gy (m* h™") 2

i, (m* h™") 2.1

T .ona (°C) 66~74
T, (°C) 32~38
T,, (°C) 1.5
T,, (°C) 5

An uncertainty analysis is carried out using

8f = \/(%) dx + (zi;) 8y + (zi;) 8z, (1)

where f is the objective function and x, y, and z are the measured data.

2.2 System Performance Index
The COP, defined as the ratio of the output and input energies, is calculated as

Qcond
COP = , 2
= @
where W is the work input of the compressor and Qcond is the heat transfer of the condenser,
Q(‘ond = mw,cond pr,cond (j—vw,cnnd,nul - ]—'\1’,cond,in) ) (3)

The volume of the HTHP system is a critical factor for practical applications. A smaller volume
usually leads to a lower cost. In this regard, volumetric heating capacity (VHC) is defined as
VHC — Qcond , (4)

U,&'m‘

where v, 1s the volumetric flow rate,

my
Ugye = _/ (5)
P
2.3 Economics Analysis
For a heat pump system, the total cost rate is calculated as
; Cim + Ca + Cenv
Co = S (6)

3600 -7
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where C,, is the total cost rate, 7 is the operation hours per year, Cim is the investment and maintenance
cost, Cop is the operational cost, and Cenv is the CO, emission penalty cost.

The investment and maintenance cost Cim is defined as
C,=CRF-¢-» C, (7)

where ¢ is the maintenance factor, CRF is the capital recovery factor that can be assessed as
I

T
where i is the interest rate, and n is the system lifetime.

CRF 3

The evaporator and condenser in the present study are plate heat exchangers. The capital cost can
be expressed as a function of its heat transfer area,

C,=516- A4, +268.45 9)

Capital cost of the compressor and expansion valve are calculated as
537 - m,

C(‘()m) == —'Prall Pmt b 10
7= 0.8996 — g e () (10)

C,=114.5 m,, (11)
The operational cost is calculated as

Cop =T1T- Cele . I/Vc‘()mpy (12)
The CO, emission penalty cost is

Cenv = mC02 : CC02, (13)

where Ccy; is the cost of CO, avoided, and the amount of CO, emission mc, is obtained by

mC()z =M- Wmmpa (14)

where 1 is the emission factor.

The maintenance factor is 1.06, the interest rate in South Korea is assumed to be 5%, the lifetime
of the system is 15 years, and the annual operational hours are assumed to be 5000 h. The CO, emission
factor is considered to be 0.968 kg kWh™', the electricity price is 0.101 $ kWh™', and the cost of the
CO, avoided is 87 $ ton!.

3 Results and Discussion

Fig. 2 shows the experimentally determined heating capacity variations with the condensation and
evaporation temperatures. According to Eq. (1), the uncertainty of the heating capacity is smaller than
3%. For both R1233zd(E) and R245fa systems, the heating capacity tends to decrease with the increase
in condensation temperature and increase with the evaporation temperatures. This can be explained as
with the increase in condensation temperature, the evaporation temperature is maintained at 35°C. The
temperature lifting is increased, and thus the compression ratio is also increased. Since the compressor
is operated under a certain frequency of 60 Hz, the mass flow rate is reduced. When the evaporation
temperature is increased, the difference between the evaporation and condensation temperatures is
increased, which implies that the compression ratio is reduced. Thus a larger amount of refrigerant
can be compressed. Under the same operation conditions, the heating capacity of R1233zd(E) is over
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10% higher than that of the R245fa system. When the condensing temperatures of the heat pump
systems are the same, R1233zd(E) refrigerant has a lower condensing pressure than R245fa. The
lower condensing pressure means that the requirements for equipment are reduced under the same
safe operation standard, which is conducive to cost-saving. At the same time, R1233zd(E) heat pump
system can provide a higher heating capacity.

10 - 10 -
Experiment T.=5°C —a— R12232d Experiment
T,,..=35°C | —»— R245fa
— 9l o 9 -
: 2
P
£ sf g s}
] -— o
4 ——— 4
o 7 T ‘ o 7
s £ | - 1,5
-] L]
> T..=70°C
=4 6 E 6t
—e— R12332d
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66 68 70 72 74 320 335 350 365 38.0
Condensing Temperature (°C) Evaporating Temperature (°C)
(a) Heating capacity variation with (b) Heating capacity variation with
condensing temperature evaporating temperature

Figure 2: Heating capacity variation with different conditions

Fig. 3 shows the experimentally determined COP variations with the condensation and evap-
oration temperatures. According to Eq. (1), the uncertainty of the COP is smaller than 3%. The
COP continues to decreases with the increase in condensation temperature in the range of 66°C
to 74°C. Under the same operation conditions, the COP of the R1233zd(E)system, on average, is
19.2% higher than that of the R245fa system. Although the heating capacity significantly increases
as the evaporation temperature increases, the electricity consumed by the compressor also increases.
Considering the combined effect of increasing heating capacity and electricity consumption, the COP
increases slightly. Mateu-Royo et al. [1] have also compared the COPs of R245fa and R1233zd(E) heat
pump systems. They have reported similar results; the COP of the R1233zd(E)system was 5%—25%
higher than that of the R245fa system. The figure shows that when the condensing temperature is
74°C, the COP of R1233zd(E) heat pump system is still close to 5, and the condensing temperature of
the heat pump system has great potential to continue to increase.

The experimentally determined VHC variations with the condensation and evaporation temper-
atures are shown in Fig. 4. Disregarding the uncertainty of the refrigerant properties, the uncertainty
of the VHC is smaller than 2%. The variation in VHC with the condensation temperature is tiny. The
VHC of the R1233zd(E) system is reduced by 0.76%, while that of the R245fa system is increased
by 3.2%. This indicates that the VHC is not sensitive to variations in condensation temperature.
At a condensation temperature range of 66°C to 74°C, the VHC of the R1233zd(E) system is 9.0%
lower than that of the R245fa system, mainly because of the density of R1233zd(E) sucked into
the compressor is lower than that of R245fa. The thickness is calculated according to the measured
pressure and temperature at the compressor inlet. With the increase in evaporation temperature in
the range of 32°C to 38°C, the VHC increases for both R1233zd(E) and R245fa systems by 22.3% and
13.7%, respectively. This indicates that the VHC is sensitive to variations in condensation temperature.
In the evaporation temperature range of 32°C to 38°C, the VHC of the R1233zd(E) system is 13.9%
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lower than that of the R245fa system, mainly because the density of R1233zd(E) sucked into the
compressor is lower than that of R245fa. These results agree with those reported by Kondou et al. [20].
The high VHC value of the R1233zd system shows that the volume of the system can be further
optimized, and the cost is expected to reach a lower level than the R245fa heat pump system.
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Figure 3: COP variation with different conditions
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Figure 4: VHC variation with different conditions

Figs. 5 and 6 show the variations of the total capital cost per hour and the total capital cost
per MKW against condensation and evaporation temperatures. For both R1233zd(E) and R245fa
systems, the total cost is increased with the increase in condensation and evaporation temperatures.
At a condensation temperature range of 66°C to 74°C, the total cost of the R245fa system is 4.0%
higher than that of the R1233zd(E) system. Since the same experimental equipment is used, the total
cost difference is caused by the CO, emission penalty and the operational cost. The CO, emission
penalty and the operational cost are determined by the electricity consumed by the compressor, which
is slightly higher in the R245fa system. For the same heating load, which is 1000 kW in the present
study, it is observed that the total cost of the R245fa system is considerably higher than that of the
R1233zd(E) system. At a condensation temperature range of 66°C to 74°C, the total cost of the R245fa
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system is 17.6% higher than that of the R1233zd(E) system. At an evaporation temperature range of
32°C to 38°C, the total cost of the R245fa system is 12.4% higher than that of the R1233zd(E) system.
It means that R1233zd(E) system would be a more economical alternative compared to the R245fa
system.
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Figure 5: Variations of the total cost with condensing temperature in R1233zd(E) and R245fa systems
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Figure 6: Variations of the total cost with evaporating temperature in R1233zd(E) and R245fa systems

4 Conclusions

In this study, moderately HTHP systems using R245fa and R1233zd(E) were studied experimen-
tally. The experimental data of R245fa and R1233zd(E) systems using low-temperature waste heat are
presented. The economic differences between the R245fa and the R1233zd(E) systems are compared.
Overall, the R1233zd(E) heat pump shows great potential to replace the R245fa heat pump for low-
temperature heat recovery both economically and practically. The following main conclusions can be
summarized:

1. Under the same operation conditions, the heating capacity of the R1233zd(E) heat pump
system is over 10% higher than that of the R245fa system. When the condensing temperatures
of the heat pump systems are the same, R1233zd(E) refrigerant has a lower condensing pressure
than R245fa, which is conducive to cost-saving.
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2. The COP of the R1233zd(E) system was higher than that of the R245fa. Therefore, The
condensing temperature of the R1233zd(E) heat pump system has great potential to continue
to increase.

3. The VHC of the R1233zd(E) system was lower than that of the R245fa system, it means that
the volume of the R1233zd(E) system can be further optimized, and the cost is expected to
reach a lower level than R245fa heat pump system.

4. The R1233zd(E) system is more economical than the R245fa system; the total cost of the
R1233zd(E) system is over 10% higher than the R245fa system under the same heating load.
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