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Abstract

In the present paper, the experimental results of the use of R1234yf and R1234ze(E) as drop-
in alternatives of R134a in a water-to-water heat pump are discussed. The heat pump is firstly
tested with R134a, to establish the baseline performance, and, then, is tested with the two above-
mentioned refrigerants considering the same compressor shaft rotational frequency and the same
outlet temperatures of the secondary fluids from the evaporator and the condenser. The obtained
results show that, compared to the R134a, the use of R1234yf leads to a reduction of the heating ca-
pacity and of the COP up to 9.80% and 7.39% respectively, whereas with the use of R1234ze(E) the
capacity reduction achieves a maximum of 33.82% while a COP variation in the range —12.27%
to +4.32% is found. A second group of tests is carried out varying the rotational frequency of
the compressor shaft with the aim of matching the baseline R134a heating capacity. The results
indicate an increase in the shaft rotational frequency up to 16% with R1234yf and up to 50% with
R1234ze(E) which, however, leads to a maximum reduction of the heat pump COP respectively
equal to 7.38% and to 18.11%.
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enthalpy [kJ-kg™']

m mass flow rate [kg-s™']

N number of uncorrelated input quantities [dimensionless]

0 heat flow rate [W]

T temperature [K]

tos Student test multiplier at 95% confidence level [dimensionless]
u uncertainty [various]

1% power [W]

X generic measured variable [various]

y generic calculated variable [various]

Greek symbols

o5 standard deviation of the mean value of the collected samples [various]
Subscripts

comp  COMpressor

conp  condenser

EVAP evaporator or evaporating

G water-ethylene glycol mixture

INST Instrumental

IN inlet

oUT outlet



R refrigerant
SHAFT shaft
SUP superheating

W water

1. Introduction

The recent EU 517/2014 regulation (European Union, 2014) and the Kigali amendment (United
Nations, 2016) to the Montreal Protocol have introduced constraints that force the air condition-
ing and refrigeration industry to find new refrigerants able to cope with more and more severe
limits on Global Warning Potential (GWP). As a consequence, in the last years, new refrigerants
have been continuously introduced and the need of testing them in vapour compression systems
to analyse their performance arises. Among them, the HydroFluoroOlefins (HFOs) R1234yf and
R1234ze(E) have gained attention as substitutes of R134a.

The use of HFOs in vapour compression systems has attracted a lot of attention in the recent
scientific literature. Both experimental and numerical studies has been carried out with the aim of
assessing the performance of these alternative refrigerants and comparing them with R134a.

From the experimental point of view, Zilio et al. (2011) analysed the performance of an air-to-
air vapour compression system (i.e. a system in which air is used as secondary fluid both at the
evaporator and at the condenser) for mobile air conditioning working with R134a and R1234yf.
They found that the drop-in operation of the system using R1234yf lead to a significant capac-
ity reduction, in the range 12% to 24%, and a slightly lower COP reduction, in the range 2% to
19%. Navarro-Esbri and co-workers (Navarro-Esbri et al., 2013a,b) carried out an extensive ex-
perimental analysis of the use of R1234yf in a water-to-water (i.e. a system in which water is
used as secondary fluid both at the evaporator and at the condenser) vapour compression system
in a drop-in application. They analysed the influence of evaporating temperature, condensing tem-
perature, internal heat exchanger use, superheating degree and compressor drive frequency. They

found that the use of R1234yf leads to an overall reduction of the cooling capacity, in the range
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4.36% to 13.46%, and of the COP, in the range 5.60% to 27.89%, with larger differences at low
evaporating or condensing temperatures. Moreover, R1234yf benefited more than R134a from
the use of internal heat exchanger since the decrease in cooling capacity and COP is reduced
in the range 2% to 6%, while the influence of different superheating set-points or different com-
pressor drive frequencies was negligible. Mota-Babiloni et al. (2014) experimentally assessed the
performance of a water-to-water vapour compression system in a drop-in application of R134a,
R1234yf and R1234ze(E). Three evaporating temperatures in the range 260 K to 280 K, three con-
densing temperatures in the range 310 K to 330 K were considered for a total of 9 experimental
points per fluid. Additional 9 points were tested adding an internal heat exchanger to the sys-
tem. Overall, it was observed that the use of R1234yf resulted in a cooling capacity reduction up
to 13.71% and a COP reduction up to 10.50%, whereas the use of R1234ze(E) led to a cooling
capacity reduction up to 33.68% and a COP reduction up to 8.40%. Similarly to R1234yf, a
R1234ze(E) system was demonstrated to benefit from the use of a liquid line - suction line heat
exchanger more than a R134a system (Mota-Babiloni et al., 2015). Sethi et al. (2016) compared
the performance of a vapour compression system working with R134a, R1234yf and R1234ze(E)
in a typical refrigeration application. They found that the use of R1234yf leads up to 3% cooling
capacity reduction and up to 4% COP reduction whereas the use of R1234ze(E) required a com-
pressor with 75% larger displacement that leads to an increase in the cooling capacity up to 9%
and a COP reduction up to 16%. A theoretical analysis dealing with the redesign of the evapora-
tor circuitry and dimension was carried out finding that the efficiency of the system may increase,
reaching the baseline values, with an optimized heat exchanger. Sanchez et al. (2017) experimen-
tally compared six different refrigerants in a direct drop-in application in a water-to-water system
and, among them, R134a, R1234yf and R1234ze(E) were considered. They considered two evapo-
rating temperatures, namely —10°C and 0 °C, and three condensing temperatures, namely 25 °C,
35°C and 45°C, finding that the cooling capacity and the COP of the system using R1234yf
were respectively reduced in the range 4.5% to 8.6% and 8.3% to 11.0% with respect to the R134a
baseline. Instead, with R1234ze(E), the cooling capacity and COP reduction were between 22.9%
and 26.6% and between 2.8% and 13.0%. Finally, Devecioglu and Orug (2018) experimentally

analysed the influence of an internal heat exchanger in an air-to-air vapour compression system
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in which R1234yf and R1234ze(E) were used as drop-in substitutes of R134a. They found that
the cooling capacity of the system using R134a is higher than that of the system using R1234yf
which, in turn, is higher than that obtained with R1234ze(E). The capacity increased using the
internal heat exchanger with respect to the baseline configuration without it. Regarding the COP,
R134a was the best refrigerants but R1234ze(E) performed better than R1234yf. Again, the use of
the internal heat exchanger led to increased performance of the vapour compression system.
Besides experimental investigations, numerical studies of the use of R1234yf and R1234ze(E)
are available too in the scientific literature. Jarall (2012) carried out a theoretical analysis of the
use of R1234yf in a water-to-water system showing that R1234yf exhibits lower pressure ratio, re-
frigerant temperature at compressor discharge and COP. The further experimental study confirmed
these findings and showed a reduction of cooling capacity and COP in the range 3.4% to 13.7%
and 0.35% to 11.88%. Molés et al. (2014) analysed several configurations of vapour compression
system with the aim of improving its performance when HFOs are used as refrigerant. They found
that R1234yf and R1234ze(E) benefit more than R134a from the use of an expander, an ejector
or an internal heat exchanger. Jankovic et al. (2015) compared R134a, R1234yf and R1234ze(E)
in a vapour compression system by means of a validated simulation tool. They found that, under
the same evaporating and condensing temperatures, the cooling capacity of both HFOs is lower
than that of R134a with reduction equal to about 6% for R1234yf and 27% for R1234ze(E). On
the other side, the COP of the system was about 1% lower for R1234ze(E) and from 2% to 5%
lower for R1234yf. Vice-versa, under the same cooling medium conditions, i.e. same inlet and
outlet temperatures at the condenser, R1234yf was found to perform worse than R134a both with
respect to cooling capacity, from 5% to 9% reduction, and COP, with reduction in the range 7% to
10%. On the other side, with respect to R134a R1234ze(E) showed lower cooling capacity, about
25% less, but higher COP, with increment in the range 4% to 7%. An increase of the compressor
shaft frequency in the range 5% to 10% with R1234yf and 34% to 39% with R1234ze(E) was
found to be mandatory in order to restore the R134a cooling capacity. However, in these operating
conditions, a reduction of the isentropic COP as high as 12% with R1234yf and up to 5% with
R1234ze(E) arose. Finally, Nawa et al. (2017) carried out an extensive numerical study with a

validate simulation model of the use of R1234yf and R1234ze(E) as substitutes of R134a in heat
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pump water heaters. They concluded that the two HFOs lead to performances (first hour rating,
unified energy factor and COP) slightly lower than those obtained with R134a. The charge of the
system was found similar whereas the refrigerant temperature at compressor discharge was higher
for R134a but R1234ze(E) required a larger compressor to overcome its lower volumetric heating
capacity.

All the aforementioned studies provide valuable information about the use of R1234yf and
R1234ze(E) as R134a alternatives in vapour compression systems. The present study is aimed at
contributing to this general discussion, presenting the results of an experimental campaign carried
out on a small water-to-water vapour compression system designed for this purpose. With respect
to the studies available in the open literature, the present paper is focused on a heat pump system,
rather than a refrigerating system, and considers a broad range of operating conditions that are
typical of heat pump systems for residential application. Especially at the condenser, low, medium
and high temperatures of the secondary fluids are analysed in order to find which HFO is the
most appropriate alternative to R134a depending on the temperature level of the supplied heat.
Additionally, from the methodology point of view, the experimental results are obtained keeping
constant the inlet and/or the outlet temperatures of the secondary fluids that flow through the
evaporator and the condenser rather than fixing the evaporating and the condensing temperature,
as done in most of the experimental works reviewed above. According to Jankovic et al. (2015),
this testing method leads to ”a more realistic drop-in replacement analysis™ since, in any heat
pump system, given the compressor shaft rotational frequency, the evaporating and the condensing
temperatures are not predetermined values but depend on the heat exchangers features such as heat

transfer areas and type (air, water or brine), mass flow rate and temperature of the secondary fluids.

2. Experimental set-up and methodology

2.1. Experimental set-up

The layout of the experimental set-up used to assess the performance of R134a, R1234yf and
R1234ze(E) in a drop-in application is shown in Figure 1.

The test rig mimics a single-stage water-to-water heat pump and basically consists of three

different loops: the refrigerant loop black line, the cold water + ethylene glycol loop blue line
6



To auxiliary chiller

-

Auxiliary HX

Flow rate meter

From auxiliary chiller
Pressure sensor

Temperature sensor
Power meter

HEIIE]

Hot storage

Hot loop pump

%iwwv

Recuperator

FAAAAAAA
FAAAAAAA

S AN P

Condenser

Oil separator

Evaporator

Cold storage

Cold loop pump

Figure 1 — Layout of the experimental set-up.



and the hot water loop red line. The main characteristics of the components the experimental

set-up consists of are summarised in Table 1.

Table 1 — Main characteristics of the components used in the experimental set-up.

Component Parameter Range
Swept volume @ 50 Hz 13.15m? - h™!
Compressor
Shaft rotational frequency 30Hz - 87Hz
Oil POE ISO 32
Oil charge 1.1dm?
Height x Width x Depth 289 mm x 119 mm x 93.6 mm
Condenser
Number of plates 40
Height x Width x Depth 376 mm x 119 mm x 71.2 mm
Evaporator
Number of plates 30

Expansion valve

Liquid receiver
Suction accumulator

Oil separator

Pumps

Recuperator

Capacity range
Capacity range
Volume
Volume
Type
Volume
Nominal flow rate

Nominal head

Shaft rotational frequency

Height x Width x Depth

Number of plates

1200 W - 12000 W
1690 W - 16900 W
2.8dm?

2.33 dm?
Coalescence
2.8dm?
28.7m?-h7!
160 kPa
16 Hz - 58 Hz

193 mm x 76 mm x 71.2 mm

30

The refrigerant loop is built assembling a semi-hermetic, variable speed reciprocating compres-

sor, two stainless steel plate heat exchangers (i.e. the condenser and the evaporator) in counter-

current arrangement and two electronic expansion valves, arranged in parallel but with only one of
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them active at a time. For safe and smooth operation of the heat pump, addtional components such
as the suction accumulator, the oil separator, with oil sent back to the compressor service port,
and the liquid receiver are installed too. The refrigerant loop is controlled acting on the rotational
frequency of the compressor shaft and on the superheating at evaporator outlet set-point. In the
water + ethylene glycol loop, a variable speed pump, a buffer tank and a three-way valve are used.
This loop is controlled acting on pump rotational speed, to set the water + ethylene glycol flow rate
to the desired value, and on the three-way valve, to set the water + ethylene glycol temperature at
evaporator outlet to the required set-point while the buffer tank allows to reduce the temperature
fluctuations and to reach stable testing conditions. The ethylene glycol concentration is 25.4% by
volume that means freezing temperature equal to 260.55 K. Finally, the hot water loop consists of
the same components found in the water + ethylene glycol loop and adding an auxiliary chiller.
Similarly to the cold loop, the hot water loop is used to set the water flow rate to the desired value,
acting on the pump rotational speed, and to set the water temperature at condenser outlet to the
required set-point, acting on the three-way valve. Again, the buffer tank allowed to reduce the
hot water temperature fluctuations and to reach stable testing conditions. The auxiliary chiller is
needed to balance the difference between evaporator and condenser capacities. All the components
and connecting pipes are insulated using elastomeric material with reference thermal conductivity
equal to 0.037 W -m~! - K7!.

The experimental set-up is equipped with instrumentations allowing for the measurement, ac-
quisition and storing of the main parameters such as pressures, temperatures, flow rates and power.
The positions of all the measurement devices is shown in Figure 1 whereas their main characteris-

tics are reported in Table 2.

2.2. Testing procedure

The experimental procedure used to run each test is the following:

1. At the beginning of each test, the pumps of the cold water+ethylene glycol loop and of the
hot water loop are switched on. The rotational frequency of each pump shaft is set to the
value required to guarantee the mass flow rates needed by the test. This value is continuously

monitored during the test and is adjusted in order to keep the mass flow rate constant.
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Table 2 — Measurement instrumentation range and accuracy.

Parameter Instrument Range Accuracy
Refrigerant mass flow rate Coriolis mass flow meter Okg-h™'-300kg-h™! +0.15% r.v.
Refrigerant pressure (low side) Pressure transducer 0kPa - 700 kPa +0.3% f.s.
Refrigerant pressure (high side) Pressure transducer 0kPa - 4000 kPa +0.3% f.s.
Refrigerant temperature RTD Pt 100 243.15K - 373.15 +0.1K
Compressor power Power transducer 0W -4000 W +0.2% f.s.
Water mass flow rate Vortex flow meter 021m*-h™!'-3m?-h™!'  +2%r.v.
Water temperature RTD Pt 100 263.15K - 353.15 +0.1K

2. The compressor is switched on and its shaft rotational frequency is set to the value required
by the test. At the same time, the electronic expansion valves begins to modulate its cross
section area in order to guarantee a superheating degree at evaporator outlet equal to 5 K.

3. The temperatures of the cold water+ethylene glycol and of the hot water that respectively
flow through the evaporator and the condenser begin changing. In both the secondary fluid
loops, a PID controller acts on the 3-way valve with the aim of setting the secondary fluid
temperature at heat exchanger outlet to the value required by the test. During the test, the
PID controllers continuously adjust the 3-way valve position in order to keep the outlet
temperatures to the set-point.

4. Once the set-point temperatures at the outlet of the two heat exchangers are reached, the
data acquisition starts with a sample rate equal to 1s. For each of the measured pressures
and temperatures, the simple moving average and the standard deviation are calculated con-
sidering the last 900 samples.

5. During the test, if the standard deviation of each measured pressure and temperature lies
within +2.5 kPa and +0.2 K respectively, the test is considered in steady-state condition and
further 900 samples are recorded at 1 Hz for data analysis .

6. Finally, at the end of the test, the evaporator and the condenser heat transfer rates are calcu-
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lated considering both the refrigerant-side mass flow rate and enthalpies and the water-side
mass flow rate and temperatures. If the two values agree within +4% , the test is considered

concluded, otherwise it is repeated.

2.3. Data reduction and uncertainty analysis

As stated, the experimental set-up mimics a heat pump. Therefore, the condenser heating
capacity is the useful effect and the COP is the performance index.

The condenser heat transfer rate is calculated as the average between the values calculated con-
sidering the refrigerant-side and considering the hot water-side value according to the following

equation:

1

QCOND = 5 [mR (hR,IN,COND - hR,OUT,COND) + mWCP,W (TW,OUT,COND - TW,IN,COND)] (1)

In Eq.(1), the enthalpy of the refrigerant at the evaporator inlet is assumed equal to the enthalpy
at condenser outlet since the connecting pipes and the liquid receiver are well insulated. Refprop
9.1 (Lemmon et al., 2013) is used to calculate both the water isobaric heating capacity, as a function
of the water average temperature, and the refrigerant enthalpies, as a function of the refrigerant
pressures and temperatures.

The coeflicient of performance of the water-to-water heat pump is calculated as the ratio be-
tween the heat pump heating capacity and the heat pump power consumption. The latter is evalu-
ated neglecting the power consumption of the two secondary fluids pumps and the EXV controller

and accounting also for the inverter losses in the measured compressor power:

cop = Leoww (2)

comp

The uncertainty of each of the directly measured or calculated parameter is estimated according
to Moffat (1988). More in detail, the experimental uncertainty of each directly measured variable

is calculated as follows:
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Uy = + \/ui,NST + (to5075)’ 3)

Similarly, the uncertainty of the generic calculated quantity is estimated using the combined

standard uncertainty under the uncorrelated input quantities assumption:

2
)

N ay 2 N
u, = + Z (EMXINST) + ISS Z

i=1 ! j
3. Results and discussion

As stated, in the present work the performance of a water-to-water heat pump that uses R134a,
R1234yf and R1234ze(E) in a drop-in application is experimentally measured. Table 3 summarises

the main properties of the three tested refrigerants.

Table 3 — Main properties of the three tested refrigerants.

Parameter R134a R1234yf R1234ze(E)
Chemical formula CH,FCF; CF;-CF=CH, C;HyF,

Critical pressure 4059.3 kPa 3382.2kPa 3634.9 kPa

Critical temperature 374.21K 367.85K 382.51K

Molar mass 102.03 g - mol™! 114.04 g - mol™! 114.04 g - mol™!
Normal Boiling Point 247.08 K 243.67K 254.18K
A 80.417J -mol™' - K™'  95713J-mol™!-K™!  95.128J-mol™! - K!
ODP 0 0 0
GWP,y (Stocker et al., 2013) 1300 <1 <1
ASHRAE Classification Al A2L A2L

* Value at 273.15K.
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With respect to the baseline refrigerant R134a, it is common knowledge (Molinaroli et al.,
2011) that, over the full range of saturation temperature, R1234yf has very similar saturation pres-
sure (the saturation pressures are identical at saturation temperature equal to 314.38 K), slightly
higher saturated vapour density but lower enthalpy of vaporization. Conversely, R1234ze(E) ex-
hibits lower saturation pressure , lower saturated vapour density whereas its enthalpy of vaporiza-
tion is lower than that of R134a for saturation temperature below 344.58 K and higher above this
value.

The experimental set-up is charged under test condition 03 in Table 4 considering a superheat-
ing at evaporator outlet equal to 5 K and a subcooling at condenser outlet equal to 3.5 K as target
values. The final charge is 4000 g for R134a, 4350 g for R1234yf and 2410 g for R1234ze(E).

The performance assessment of the use of the two HFOs as substitutes of R134a is carried out

considering two different groups of tests as detailed in the following sections.

3.1. Drop-in tests

The first group of tests considers a pure drop-in application with the aim of measuring the
heat pump heating capacity and performance index without modifying the heat pump operation.
Namely, each test is run considering the same rotational frequency of the compressor shaft, the
same vapour superheating at the evaporator outlet and keeping constant the temperature of the sec-
ondary fluids at the outlet of the evaporator and of the condenser. Due to different heat pump per-
formance with different refrigerants, during these tests the mass flow rates of the secondary fluids
that flow through the two heat exchangers are changed. First, these mass flow rates are identified
in five different reference conditions in which not only the secondary fluids outlet temperatures,
but also the inlet temperatures in the two heat exchangers are set. These testing conditions are
testing conditions 03, 08, 13, 18 ans 23 in Table 4. Once identified, the mass flow rates of the
secondary fluids are kept constant in the other tests. The whole experimental conditions used in
this first group of tests are reported in Table 4.

Figures 2 - 6 report the results of the heat pump heating capacity and COP for the five tem-
peratures of the water at the condenser outlet. For each figure, both the heating capacity, on the

left-side, and the COP, on the right-side, are plotted against the water-ethylene glycol mixture
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Table 4 — Experimental conditions used during the drop-in tests.

Compressor Superheating Evaporator Condenser
ot Ssuarr ATsyp e To.n TGour Ty Ty Twour
01 50Hz 5K As Test 03 * 268.15K As Test 03 * 308.15K
02 50Hz 5K As Test 03 * 273.15K As Test 03 * 308.15K
03 50Hz 5K Identified  283.15K 278.15K Identified 303.15°C 308.15K
04 50Hz 5K As Test 03 * 283.15K As Test 03 * 308.15K
05 50Hz 5K As Test 03 * 288.15K As Test 03 * 308.15K
06 50Hz 5K As Test 08 * 268.15K  As Test 08 * 318.15K
07 50Hz 5K As Test 08 * 273.15K  As Test 08 * 318.15K
08 50Hz 5K Identified  283.15K 278.15K Identified 313.15°C 318.15K
09 50Hz 5K As Test 08 * 283.15K  As Test 08 * 318.15K
10 50Hz 5K As Test 08 * 288.15K  As Test 08 * 318.15K
11 50Hz 5K As Test 13 * 268.15K As Test 13 * 328.15K
12 50Hz 5K As Test 13 * 273.15K AsTest 13 * 328.15K
13 50Hz 5K Identified  283.15K 278.15K Identified 323.15°C 328.15K
14 50Hz 5K As Test 13 * 283.15K As Test 13 * 328.15K
15 50Hz 5K As Test 13 * 288.15K As Test 13 * 328.15K
16 50Hz 5K As Test 18 * 268.15K As Test 18 * 338.15K
17 50Hz 5K As Test 18 * 273.15K As Test 18 * 338.15K
18 50Hz 5K Identified  283.15K 278.15K Identified 333.15°C 338.15K
19 50Hz 5K As Test 18 * 283.15K As Test 18 * 338.15K
20 50Hz 5K As Test 18 * 288.15K As Test 18 * 338.15K
21 50Hz 5K As Test 23 * 268.15K As Test 12 * 348.15K
22 50Hz 5K As Test 23 * 273.15K As Test 23 * 348.15K
23 50Hz 5K Identified  283.15K 278.15K Identified 343.15°C 348.15K
24 50Hz 5K As Test 23 * 283.15K As Test23 * 348.15K
25 50Hz 5K As Test 23 * 288.15K As Test 23 * 348.15K
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at the evaporator outlet. ~ For the sake of completeness, the calculated uncertainty, as per Eq.
(4), 1s reported too using error bars. Overall, the calculated uncertainty ranges from +62.31 W to
+156.91 W for the heating capacity and from +0.03 to +0.08 for the COP.

Starting from the heating capacity, first, generally, all the tested refrigerants show the well-
established tendency of increasing the heating capacity with the increase in the secondary fluid
temperature at evaporator outlet and with the reduction of the secondary fluid temperature at con-
denser outlet since these temperatures influence the evaporating temperature and the condensing
temperatures respectively. The heating capacity delivered by the heat pump working with R1234yf
is slightly lower than that measured with R134a in all the experimental conditions, with reduction
in the range 1.51% to 9.80%. This behaviour arises mainly from the enthalpy difference across
the condenser, which is lower for the R1234yf with respect to that of the R134a, due to higher
molar mass of the former refrigerant. Indeed, even if the vapour density at compressor suction
of R1234yf is higher, leading to slightly higher displaced mass flow rate, the reduced enthalpy
difference effect dominates the overall heating capacity production. Considering the R1234ze(E),
a substantial reduction of the condenser heat transfer rate is measured in the whole range of the
testing conditions. The reduction of the capacity lies in the range 14.92% to 33.82% and it is the
consequence of a simultaneous reduction of the enthalpy difference across the condenser, as for
the R1234yf, and of the refrigerant mass flow rate which, in turn, is related to the lower pressure
and density of this refrigerant at compressor suction. Finally, the difference between R134a and
R1234ze(E) heating capacity tends to reduce as the water temperature at condenser outlet increases
since R134a is approaching the critical temperature more rapidly than R1234ze(E) which, in turn,
leads to a faster reduction of the enthalpy difference across the condenser.

Considering the COP, similarly to the heating capacity, all the tested refrigerants show the
well-known increase in the COP with the increase in the secondary fluid temperature at evaporator
outlet, i.e. increase in the evaporating temperature, and with the reduction of the secondary fluid
temperature at condenser outlet, i.e. the reduction of the condensing temperature. Similarly to the
heating capacity, in all the testing conditions the COP of the heat pump that operates with R1234yf
is slightly lower than the COP measured with R134a, with reduction ranging from 0.33% to 7.39%.

This behaviour is related to the different critical temperature and reference isobaric specific heat of
15



R1234yf with respect to R134a. Indeed, the COP of any vapour compression system increases if
a high critical temperature and low reference isobaric specific heat refrigerant is used (Domanski
et al., 2014). As shown in Table 3, the critical temperature and the reference isobaric specific
heat of R1234yf are respectively lower than and higher than those of R134a which, in turn, leads
to lower heat pump COP. Vice-versa, quite surprisingly, the trend of the COP obtained with
R1234ze(E) is different. Indeed, in all the testing conditions, the COP obtained with R1234ze(E)
is lower than that measured with R134a for water-ethylene glycol temperature at evaporator outlet
lower than 278.15K and, additionally, the COP tends to reduce more rapidly for R1234ze(E)
than for R134a with the increase in the water temperature at condenser outlet. This tendency
reverses for water-ethylene glycol temperature at evaporator outlet greater than 278.15 K where
the COP of the heat pump working with R1234ze(E) is similar or even higher than that obtained
with R134a and, again, R1234ze(E) is more sensitive than R134a to the increase in the water
temperature at condenser outlet. To explain this behaviour, firstly it must be considered that both
the critical temperature and the reference isobaric specific heat of R1234ze(E) are higher than those
of R134a which, generally speaking, may lead to a COP of a vapour compression system that uses
R12347ze(E) may be higher or lower than that of R134a depending on the operating conditions.
Secondly, the higher is the water-ethylene glycol temperature at evaporator outlet, the higher are
the evaporating temperature and pressure and, under constant superheating working conditions, the
vapour density at compressor suction. This leads to an increase in the refrigerant mass flow rate
and of the evaporator heat transfer rate which, in turn, brings about an increase in the temperature
difference between the secondary fluid and the evaporating refrigerant that forces the heat transfer
since the evaporator heat transfer area is constant. Among the three tested refrigerants, R1234ze(E)
is the one that achieves the lowest evaporator heat transfer rate and, hence, the lowest temperature
difference that drives the heat transfer and the highest evaporating temperature. As a consequence,
the COP of the heat pump working with R1234ze(E) increases more rapidly than that obtained
with the other refrigerants as shown in Table 5 (only some selected testing conditions are shown).

Overall, the COP variation with R1234ze(E) lies in the range —12.27% to +4.32% and these
results confirm the suitability of R1234ze(E) as working fluid of high temperature heat pumps

(Fukuda et al., 2014).
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Table 5 — Difference between the water-ethylene glycol mixture temperature at the evaporator outlet and the evapo-

rating temperature and COP of the heat pump for some selected testing conditions.

Tost (T.our.evap — Tevap) cop
R134a R1234yf R1234ze(E) R134a R1234yf R1234ze(E)

01 355K 491K 1.98K 3.31 3.16 3.24
05 6.16K 7.35K 4.68K 5.11 4.74 5.19
11 280K 4.05K 1.27K 2.29 2.28 2.18
15 578K 6.68K 549K 3.33 3.29 3.31
21 175K 250K 0.74K 1.63 1.58 1.43
25 6.65K 7.86K 3.69K 2.21 2.17 2.29
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Figure 2 — Heating capacity (left) and COP (right) of the heat pump when the water temperature at the condenser
outlet is equal to 308.15 K.
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Figure 3 — Heating capacity (left) and COP (right) of the heat pump when the water temperature at the condenser

outlet is equal to 318.15 K.
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Figure 4 — Heating capacity (left) and COP (right) of the heat pump when the water temperature at the condenser

outlet is equal to 328.15 K.
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Figure 5 — Heating capacity (left) and COP (right) of the heat pump when the water temperature at the condenser

outlet is equal to 338.15 K.
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Figure 6 — Heating capacity (left) and COP (right) of the heat pump when the water temperature at the condenser

outlet is equal to 348.15 K.

19



3.2. Tests with constant heat pump heating capacity

The second group of tests is aimed at identifying the compressor shaft rotational frequency
to be used with R1234yf and R1234ze(E) to allow the heat pump to deliver the same heating
capacity supplied with R134a at 50 Hz of compressor shaft rotational frequency. Indeed, as shown
in previous section, a reduction of heat pump heating capacity arises with the use of R1234yf and
R1234ze(E) in any working condition and, therefore, it is interesting to evaluate the modification
of the compressor shaft rotational frequency required to achieve the same heating capacity and the
subsequent variation of the heat pump COP.

The experimental conditions used in this second group of tests are reported in Table 6.

Table 6 — Experimental conditions used during the constant heating capacity tests.

Compressor Superheating Evaporator Condenser
ot Ssuarr ATsyp e TGn T6our Tty Ty, v Twour
26 Identified 5K Identified 283.15K 278.15K AsRI34aTest03 303.15°C 308.15K
27 Identified 5K Identified 283.15K 278.15K AsRI134aTest08 313.15°C 318.15K
28 Identified 5K Identified 283.15K 278.15K AsRI134aTest 13 323.15°C 328.15K
29 Identified 5K Identified 283.15K 278.15K AsRI134aTest 18 333.15°C 338.15K
30  Identified 5K Identified 283.15K 278.15K AsRI34aTest23 343.15°C 348.15K

Figure 7 reports the rotational frequencies of the compressor shaft needed to deliver the same
heating capacity supplied with R134a (left) and the heat pump performance index (right) as a
function of the water temperature at condenser outlet. The frequency of the heat pump working
with R134a is reported too for reference.  Again, the overall uncertainty is reported for both
parameters. The uncertainty of the shaft rotational frequency is equal to +1 Hz while the calculated
uncertainty of the COP ranges from +0.03 to +0.07.

As it is possible to see, the heat pump may provide the same heating capacity of the baseline
refrigerant only if the shaft rotational frequency is increased. A slight increase ranging between
6% and 16% is found when R1234yf is used, whereas a substantial increase spanning from 32%
to 50% is needed when the heat pump works with R1234ze(E). These results are consistent with

those reported in previous studies on refrigerating systems (Jankovic et al., 2015; Mota-Babiloni
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et al., 2017) and may be interpreted considering the results discussed in Section 3.2. Indeed,
looking at R1234yf first, the difference between the heating capacity delivered by the heat pump
using R134a and R1234yf is low and, consequently, the increase in compressor shaft rotational
frequency required to increase the refrigerant mass flow rate and level off the heating capacity is
small. On the other hand, with the use of R1234ze(E), a very high heating capacity reduction arises
which, in turn, forces a large increase in the refrigerant mass flow rate, i.e. in the compressor shaft
rotational frequency, to restore the heating capacity at R134a level. Additionally, it is worth not-
ing that the increase in the shaft rotational frequency exhibits a decreasing trend with R1234ze(E)
whereas it is nearly constant for R1234yf, with the only exception of the point at Twour.conp
= 348.15 K where a steep increase is found. This behaviour may be explained considering that
as the water temperature at condenser outlet increases, the condensing temperature increases too
approaching the critical temperature and this leads to a reduction of the refrigerant enthalpy dif-
ference across the condenser. Compared to R134a, R1234yf exhibits lower critical temperature
and lower enthalpy of vaporisation over the full range of saturation temperature suffering from
the above-mentioned increase in condensing temperature more than the baseline refrigerant. As
a result, it requires a steep increase in the shaft rotational frequency to restore the heating capac-
ity at R134a level when the maximum water temperature at condenser outlet operating condition
is considered. Additionally, this operating point is out of the envelope of the compressor, since
the condensing temperature is higher than the maximum allowed condensing temperature, which
is equal to 353.15K. Vice-versa R1234ze(E) shows a critical temperature higher than that of
R134a and, as stated before, its enthalpy of vaporization is lower than that of R134a for saturation
temperature below 344.58 K and higher above this value. Therefore, as the water temperature at
condenser outlet increases, the increase of R1234ze(E) mass flow rate required to level off the
heating capacity reduces since the enthalpy difference across the condenser is getting similar to,
or even higher than, that of R134a. It is worth specifying that the rotational frequency of com-
pressor shaft with R1234ze(E) is anyway higher than that obtained with R134a because the former
refrigerant has a lower vapour density at compressor suction with respect to the latter.

Finally, the COP reduces as the rotational frequency increases. The reduction spans the range

2.77% to 7.38% when R1234yf is used and the range 1.25% to 18.11% when the heat pump op-
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erates with R1234ze(E). This reduction arises from the increase in the shaft rotational frequency
that causes an increase in the refrigerant mass flow rate which, in turn, forces the evaporating tem-
perature to reduce and the condensing temperature to increase to allow the heat transfer in the heat
exchangers. As a result, the evaporating and condensing pressures separate and the COP reduces.
It is interesting to point out that the larger reductions are found when the water temperature at
condenser outlet are low, i.e. when the increase in shaft rotational frequency is maximum as per
Figure 7. In these working condition the COP reduction of the R1234ze(E) system is so high that
it performs worse than the R1234yf system, but the opposite happens when the water temperature
at condenser outlet increases since the condensing temperature of the R1234yf is approaching the

critical temperature as previously discussed.

Taourevap = 278.15K Taour,evap = 278.15K
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75+ ] 40+
70t
3.5
__65¢ T
= %30}
—_— O .
60 ] O
25r
55+ E
50 ¢ . . . . . 20¢
——R134a 1 R1234yf —§—R1234ze(E)| ——R134a 1 R1234yf —§—R1234ze(E)|
45 ‘ ‘ ‘ ‘ 15 ‘ ‘ ‘ ‘
300 310 320 330 340 350 300 310 320 330 340 350
Tw.ovr,conp K] Twovr,conp|K]

Figure 7 — Rotational frequency of the compressor shaft (left) needed to achieve the same R134a heating capacity and

COP (right) of the heat pump when the glycol temperature at the evaporator outlet is equal to 278.15 K.

4. Conclusions

In the present paper, the results of an experimental study carried out to assess the performance
of the use of R134a and its low GWP alternatives R1234yf and R1234ze(E) in a water-to-water

heat pump in a drop-in application are discussed.
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The heat pump is firstly tested with R134a, to establish the baseline performance, and, then, is
tested with the above-mentioned HFO refrigerants under the same working conditions, i.e. same
rotational frequency of the compressor shaft and same temperatures of the secondary fluids at
the evaporator and condenser outlets. The results show that the use of R1234yf leads to a slight
capacity reduction, in the range 1.51% to 9.80%, and a COP reduction, in the range 0.33% to
7.39% while with the use of R1234ze(E) a substantial capacity reduction, in the range 14.92%
to 33.82%, and COP reduction or improvement, in the range —12.27% to +4.32%, are found.
Overall, R1234yf seems most suitable for R134a substitution in low and medium temperature heat
pumps, whereas R1234ze(E) seems most suitable for high temperature heat pumps.

Additional tests are carried out to find the rotational frequency of the compressor shaft that
allow the heat pump working with R1234yf and R1234ze(E) to supply the same baseline heating
capacity. An increase in the compressor shaft rotational frequency in the range 6% and 16% and
32% to 50% is respectively found with R1234yf and R1234ze(E), but subsequent reductions of
heat pump COP spanning the range 2.77% to 7.38% and 1.25% to 18.11% arise with the use of

the aforementioned HFOs.
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