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ARTICLE INFO ABSTRACT

Keywords: Heat pumps are gaining interest to replace fossil fuel burners with the increase of the share of renewable sources
Low GWP refrigerants in the electricity generation mix. Moreover, low global warming potential (GWP) alternatives offer a more
Mixtures

environmentally friendly option as refrigerants. HFO-1234ze(E) and its non-flammable mixture R-515B are
experimentally investigated for the first time to replace HFC-134a in heat pump water heaters (HPWH) and
moderately high temperature heat pumps (MHTHP). Tests are performed in a test rig equipped with a variable
frequency compressor at evaporating temperatures of 7.5, 15 and 22.5 °C and condensing temperatures from 55
to 85 °C (65 experimental tests). HFC-134a outperforms both alternatives in heating capacity (approx. 26%
higher) due to the higher mass flow rate and heating effect. However, this effect is compensated by, on average,
25% lower compressor power consumption. Therefore, the coefficient of performance (COP) is comparable or
slightly higher (up to 5%) for HFO-1234ze(E) and R-515B. Considering the positive results in COP and the
reduced GWP, both options decrease HFC-134a MHTHP equivalent carbon emissions down to 28%. Besides,
given the 20 K lower discharge temperature reached by the alternatives, the compressor operating map can be
significantly extended. Finally, it is demonstrated that R-515B is a suitable non-flammable alternative to HFO-
1234ze(E) that keep energetic and environmental benefits while offers a safer system operation.

Water-to-water heat pump
Sustainable heat production
Decarbonisation

Heating capacity

HPWH and MHTHP can have various suitable working fluids,
depending on the temperature level. For instance, synthetic mixtures
have been proposed to replace R410A water-to-water heat pumps
[11,12]. Besides, for HFC-134a operating levels, other replacements
could be considered to design an energy-efficient system with higher
safety and reliability [13]. In this way, two solutions are proposed, pure
and mixed HFOs.

The main characteristics of HFO-1234ze(E) for HFC-134a replace-
ment were exposed by Mota-Babiloni et al. [14]. On the one hand, HFO-
1234ze(E) requires larger compressor displacement for a match in
cooling/heating capacity, and flammability could represent a problem
in specific applications. On the other hand, HFO-1234ze(E) energetic
performance is comparable or even higher than HFC-134a, and its heat
transfer performance is appealing. Another interesting feature of the
alternative refrigerant HFO-1234ze(E) is the higher critical temperature
than HFC-134a and other alternative HFCs and HFOs (such as HFO-
1234yf). For example, He et al. [15] included HFO-1234ze(E) in the
list of candidates for the vapour compression subsystem of a two-stage
absorption-compression cascade refrigeration system. Compared to

1. Introduction

As renewable energies increase their energy mix presence, heat
pumps appear as an environmentally friendly replacement for fossil
fuels in several applications. The interest in this technology is increasing
[1]. However, alternative refrigerants for heat pump water heater
(HPWH) and moderately high temperature heat pumps (MHTHP) have
not been studied yet in deep, contrary to other applications such as
commercial refrigeration [2,3], domestic refrigeration [4], domestic air
conditioners heat pumps [5], or even very high temperature heat pumps
[6,7]. HPWH and MHTHP can be used in several applications, including
domestic, commercial or industrial sectors [8].

During the past years, research has been focused on the use of CO;
(R-744) in optimised heat pumps [9]. Besides, environmentally friendly
hydrocarbon refrigerants are classified as highly toxic fluids by the
ASHRAE. Then, hydrofluorocarbons (HFC), typically used in other ap-
plications, could be an alternative. Still, their phase-out and phase-down
have been defined by the Kigali Amendment [10].
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Nomenclature

COP coefficient of performance

Lo specific heat capacity (kJ kg~* K1)

E, annual electric energy consumption (kWh year™')
h enthalpy (kJ kg™1)

L leakage ratio (%)

m mass flow rate (kg s H

m mass of refrigerant (kg)

n lifetime of the heat pump system (years)
N rotational speed (rpm)

Qk heating capacity (kW)

T temperature (°C)

14 volume (m®)

w compressor power consumption (kW)
Greek

a Refrigerant recovered (%)

B Carbon emission factor (gCO-e kWh™h
I3 thermal effectiveness

p density (kg m~>)

n efficiency

Subscripts

[ compressor

ev evaporator
in inlet

is isentropic
k condenser
out outlet

ref refrigerant
suc suction

vol volumetric
Abbreviatures

ASHRAE American Society of Heating, Refrigerating and Air-
Conditioning Engineers

GWP global warming potential (100 years)

HFC hydrofluorocarbon

HFO hydrofluoroolefin

HPWH  heat pump water heater

HTHP  heat temperature heat pump

MHTHP moderately high temperature heat pump

IHX internal heat exchanger

NBP normal boiling point

PID proportional-integrative-derivative
POE polyolester oil

ODP ozone depletion potential

TEWI total equivalent warming impact

HFC-134a (and other HFCs and HFO-1234yf), HFO-1234ze(E) COP
highlighted at increasing operating temperatures. HFO-1234ze(E) out-
performs HFO-1234yf and HFC-134a at high vapour qualities (if the heat
flux is sufficiently low or the mass velocity is adequately high), while its
performance is the lowest at low vapour qualities [16].

Nawaz et al. [17] recommended using HFO-1234yf and HFO-1234ze
(E) as alternatives to HFC-134a in HPWH (average production temper-
ature 52 °C). They combined different condenser wrap patterns,
condenser tube sizes, tank insulation effectiveness, and evaporator sizes.
In the same application (production temperature up to 75 °C), Colombo
et al. [18] concluded that HFO-1234ze(E) seems the most suitable
refrigerant for HTHPs equipped with a semi-hermetic reciprocating
compressor, despite its heating capacity reduction.

At a water production temperature of 75 °C, COP of HFO-1234ze(E)
was higher than that of its isomer HFO-1234ze(Z) and confirmed its
potential for MHTHP [19]. Mota Babiloni et al. [20] concluded that
HFO-1234ze(E) was the best mildly flammable alternative for the lower
stage of optimised HTHP cascades, reaching temperatures up to 100 °C.
Moreover, Arpagaus et al. [21] identified the use of HFO-1234ze(E) in a
few large-scale HTHP for heat production up to 95 °C, with piston and
turbo compressor technology. Lately, Arpagaus et al. [22] simulations
agreed with Mota-Babiloni et al. [20] and confirmed the convenience of
using this refrigerant. Mateu-Royo et al. [23] also considered HFO-
1234ze(E) a promising alternative in heat pumps for heating produc-
tion up to 90 °C that uses a district heating network as a heat sink and
can be combined with a CO; transcritical booster for supermarket
refrigeration.

Bellair and Hood [24] concluded that HFO-1234ze(E) could be safely
handled when appropriate engineering controls are implemented based
on a thorough safety risk assessment process. However, this refrigerant
is classified as A2L, and safety measures must be considered in the
installation and components. The use of a non-flame propagation
refrigerant can be advantageous for escalating heat pumps. HFO-1234ze
(E) and HFO-1234yf are mixed with other refrigerants to solve this issue,
taking advantage of their low GWP values for obtaining refrigerants
with intermediate GWP values.

At this moment, most of the registered Al mixtures are based on

HFO-1234ze(E), Table 1 [25]. The most commonly explored mixture is
R-450A, the first HFC/HFO mixture registered and proved its acceptable
performance at higher condensing temperatures [25]. R-515B is the
mixture with lower GWP from all mixtures included in this table while
keeping the Al safety classification.

R-515B (GWP of 293) is an azeotropic mixture of HFO-1234ze(E)
and small amounts of R-227ea. It represents a trade-off refrigerant be-
tween mildly flammable HFOs (GWP around 1) and non-flammable
medium GWP alternatives [27]. As an azeotropic mixture, it does not
present heat transfer performance degradation caused by concentration
gradients in phase-change processes proved in refrigerants with notable
temperature glide [28]. R-515B has not been identified by many of the
current existing works because of its recent development [26,29]. Up to
this day, only Bell et al. [30] named this mixture when looking for non-
flammable replacements of HFC-134a.

There is a lack of experimental research in low GWP alternatives for
HPWH and MHTHP applications, especially in synthetic refrigerants.
After a comprehensive screening, a previous article [31] has proved the
potential of HFO-1234ze(E) and R-515B for various HFC-134a heat
pump applications at moderate and high temperatures theoretically. R-
515B is a refrigerant with comparable characteristics to HFO-1234ze(E),
and it is the non-flammable alternative with the lowest GWP. However,
R-515B has not been considered to replace HFC-134a despite its po-
tential due to safety and environmental characteristics. Therefore, this

Table 1
Composition of Al alternative mixtures to HFC-134a (adapted from [26]).
Mixture GWP  HFC-134a  ze" yf HFC-32 R-125 R-227ea
Mass in composition, %
R-450A 605 42.0 58.0
R-456A 687 45.0 49.0 6.0
R-460C 766 46.0 49.0 2.5 2.5
R-513A 631 44.0 56.0
R-513B 596 41.5 58.5
R-515A 393 88.0 12.0
R-515B 293 91.1 8.9

# ze and yf stand for HFO-1234ze(E) and HFO-1234yf, respectively.
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work presents and compares experimental results for the low GWP al-
ternatives HFO-1234ze(E) and its mixture R-515B for confirming the
viability of this refrigerant. Different evaporating and condensing tem-
peratures are proposed to cover a wide range of moderately high tem-
perature heat pump applications. A thorough methodology is followed
to provide accurate results and ensure repeatability. The most repre-
sentative experimental measurements and results (mass flow rate,
volumetric capacity, heating capacity, compressor power consumption,
COP, and discharge temperature) are presented and discussed to justify
the convenience of these low GWP alternatives. A match in heating
capacity increasing the compressor rotational speed is studied. Finally,
the TEWI metric is used to confirm the environmental viability of the
proposed alternatives.

2. Short description of the refrigerants selected

This paper validates HFO-1234ze(E) capacity and its new mixture R-
515B to replace HFC-134a in HPWH and MHTHP applications. But first,
Table 2 introduces these refrigerants by showing their main character-
istics. Note that thermodynamic properties have been calculated using
REFPROP v10.0 [32]. Detailed discussion about the characteristics of
both refrigerants from a thermodynamic point of view is included in
[31].

3. Experimental procedure
3.1. Experimental setup

Different operating conditions of HPWH and MHTHP are simulated
through a flexible vapour compression experimental setup (Fig. 1). This
system is composed of the primary circuit (heat pump) and two sec-
ondary (auxiliary) closed loops, which allow setting the operating
temperatures and heat transfer in the evaporator and condenser.

Firstly, the heat pump circuit is composed of a frequency-controlled
scroll compressor (suction volume of 114.5 cm3), three plate heat ex-
changers, evaporator, condenser, and internal heat exchanger (IHX),
with total heat exchange areas of 2.39, 1.39, and 0.336 m? by using 40,
24 and 30 plates, respectively; and an electronic expansion valve, as
main elements. It includes other components required for ensuring
proper operation of the system such as filter dryer, manual and solenoid
valves, liquid receiver (7.1 dm® capacity), and other safety devices

Table 2
Main characteristics of the refrigerants tested.
Parameters HFC-134a HFO-1234ze R-515B
(E)

Molecular weight (g-mol™) 102.0 114.0 119.0

Critical temperature (°C) 101.1 109.4 108.7

Critical pressure (MPa) 4.06 3.64 3.56

Normal boiling point (NBP) (°C) —26.10 —18.95 —18.89

Condensing pressure” (MPa) 2.12 1.61 1.60

Vapour pressure” (MPa) 0.66 0.50 0.50

Latent heat of vaporization” 163.0 154.8 148.2
(kJ-kg™)

Latent heat of condensation® 124.4 123.8 118.2
(kJ-kg™)

Suction density” (kg-m~>) 50.09 40.64 42.08

Liquid/Vapour density” (kg-m~?) 996.3/ 986.2/91.6 1006.3/

115.6 95.1

Liquid/Vapour specific heat” 1.80/1.61 1.65/1.33 1.62/1.32
(kJkg LK1

Specific heat ratio” 1.61 1.55 1.54

ODP (CFC-11 = 1) [33] 0 0 0

GWP100.years [33] 1430 <1 299

ASHRAE Std. 34 safety class [33] Al A2L Al

@ At temperature saturated conditions of 70 °C.
b At temperature saturated conditions of 40 °C.
¢ At ambient temperature of 25 °C.
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(pressure switch, pressure release valve, etc.). 3.25 dm?® of POE oil has
been used as the lubricant (32 cP viscosity). It has proved compatibility
with previous HFO-1234ze(E) mixtures (R-450A) in the same installa-
tion [34].

The evaporator secondary circuit (load circuit) uses a commercial
brine (glycol/water) as the heat transfer fluid, which is heated by three
5.6 kW resistances (one of them PID controlled through the software)
immersed in a 100 L tank. It also includes a water pump with a frequency
inverter and other components. The condenser secondary circuit
(dissipation circuit) includes a PID controlled fan coil, a water pump
with a frequency inverter, and other components.

Measurement instruments are a Coriolis mass flow meter in the heat
pump circuit (+0.1%, reading), volumetric flow meters in the secondary
circuits (+0.33%, reading for the dissipation circuit, and + 0.114 m>h!
for the load circuit). Moreover, the test rig includes K type thermocou-
ples at the inlet and outlet of the main components of all circuits (+0.3
K). Pressure transducers at the inlet and outlet of the main components
of heat pump circuits (+0.15%, reading) are also used. Finally, the
power consumption uncertainty is + 1.55%, reading.

3.2. Experimental tests

Several values of evaporating and condensing temperatures have
been proposed for studying the most representative operating range of
HPWH and MHTHP applications. Moreover, particular attention has
been devoted to the maximum suction and discharge temperatures
allowed for the compressor, 50 and 150 °C, respectively. Considering the
applications of interest, temperatures finally selected were 7.5, 15 and
22.5 °C for evaporation and from 55 to 85 °C at intervals of 5 °C for
condensation (a total of 55 experimental tests). Due to higher discharge
temperatures of HFC-134a, the maximum condensing temperature
allowed for this refrigerant was 75 °C.

All tests were performed considering the same compressor frequency
(rotational speed of 2030 rpm). However, additional tests with increased
compressor frequency have been carried out to observe the results with a
capacity matching between the alternatives and HFC-134a. The vali-
dation was performed at the intermedium evaporating temperature,
15 °C, and condensing temperatures from 55 to 75 °C (10 additional
tests).

The theoretical IHX effect on the installation has been simulated
before the test campaign. It has been proved that the heating perfor-
mance benefit is slight and can cause problems with discharge temper-
ature. Consequently, the total superheating degree has been limited to
20 K, corresponding to 15 K of that to the superheating caused by the
IHX. This value limits the suction/discharge temperature at the values
previously mentioned and prevents the compressor from damage. The
IHX operation directly sets the total subcooling degree since this
experimental setup is equipped with a liquid receiver. The internal heat
exchanger effectiveness was adjusted as explained in [34].

The refrigerant charge is 7.5 kg (cannot be optimised because of the
liquid receiver). Then, the volumetric flow rate in the secondary circuits
was adjusted in the pumps for reaching a temperature difference of 12.5
K and 20 K in the evaporator (glycol brine) and condenser (water),
respectively.

Robust PID controllers have been defined for reaching targeted
operating temperatures in both secondary circuits and then allowing a
minimum deviation once the steady-state test is recorded. While the PID
controlled the fan coil frequency to control condensation temperature, a
PID controlled resistance set the evaporation temperature. The PID of
the electronic expansion valve has also been manually modified for
proper operation. The minimum human intervention and higher auto-
mation of tests during the tests allow higher accuracy in the experi-
mental results.

Each test was recorded for a minimum of 20 min, being 5 s the
measurement period. A Python program selected the most convenient 5
min period (it considers standard deviation and proximity to target
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temperatures). Therefore, the average value of 60 measurements has
been used to define each parameter’s value at the selected operating
temperature. The refrigerants’ thermodynamic states are calculated
using REFPROP v10.0 [32], as indicated in Section 2.

3.3. Equations

The heating capacity at the refrigerant side, Eq. (1), is the product of
the measured refrigerant mass flow rate () and the heating effect,
calculated as the enthalpy at the condenser inlet (hy ;) and outlet (A oue)-

(€8]

On the other hand, the heating capacity at the water side is obtained
using the water mass flow rate (M), specific heat, and the

Qk.ref = mref(hk,in - hk.out)

b)

Fig. 1. Experimental setup: a) schematic diagram and b) picture of the main circuit.

temperature difference between the condenser outlet (Tyyaer.one) and inlet
(Twater,in), as iIl Eq (2)

Twater‘in ) (2)

The heat exchanger’s effectiveness is calculated using Eq. (3) to
control the total superheating degree of the installation.

h:uc

hk,z:ut

Qk.wmer = mwa!crcp,water(Twater,aur -

- hev,ou!

€]

fmx = - hev.out
The COP is the ratio of the heating capacity and the measured

compressor power consumption, Eq. (4).
COP = &
4

c

4
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The compressor global and volumetric efficiencies are determined
through Eq. (5) and (6). The volumetric compressor efficiency is
calculated using the refrigerant mass flow rate and parameters from this
component. The compressor efficiency takes into account isentropic and
electromechanical efficiencies and the consumption of the compressor

(W.), mass flow rate and isentropic work of compression are used for its
calculation.

mre
Mot = ——5—~ )
PoucVe <%>
Ty Ahjs
= 6
p W, (6)

3.4. Validation of experiments

Heating capacities at the refrigerant and water sides are compared to
obtain the condenser heat balance. This balance allows checking the
validity of experimental measurements and calculations. Fig. 2 proves
that all points fall into the + 10% range, being the difference in results
between R-515B and the rest justified by the variation of the secondary
mass flow rate for water temperature difference adjustment.

Operating at discharge temperatures close to the limit can degrade
the lubricant oil. This malfunction is visible because it causes a variation
in operational and energetic parameters such as discharge temperature
or compressor, respectively. Therefore, one test was selected for vali-
dation of the results. Condensation and evaporation temperatures of
65 °C and 15 °C were tested at the beginning and the end of the
experimental campaign with each refrigerant. Moreover, even though a
pressure test was performed with nitrogen before the first experimental
campaign, repeatability tests also help check that the system does not
noticeably leak refrigerant. Table 3 shows the difference between the
validation tests for some representative parameters.

3.5. Uncertainity propagation

The uncertainty propagation is fundamental in the experimental
studies that illustrate a certain confidence level in the results. Although
random errors are not reproducible and cannot be corrected, the mea-
surements often exhibit the characteristics of normally distributed
events. Therefore, these errors can be characterised by statistical
methods. In general, the series of measurements extracted from the
statistical population can be described as indicated in Eq. (7).

X+ o, @

Where X is the arithmetic average and o, is the empirical standard
deviation. Then, in Eq. (8), i indicates the measurement, and n is the

o HFC-134a @ HFO-1234ze(E) e R-515B
16 -
+10% . 2
141 A
~ 121
s O .- 10%
6‘ 101 °
8_ .
8 10 12 14 16

OK, water [kW]

Fig. 2. Heating capacity balance.
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Table 3
Deviation of selected parameters for the validation test (Tx = 15 °C andT, =
65 °C).

Refrigerant HFC-134a HFO-1234ze(E) R-515B
Discharge Temperature (K) 0.14 0.02 1.23
Refrigerant mass flow rate (%) 0.25 0.15 0.35
Heating capacity (%) 0.41 0.86 0.60
Compressor power consumption (%) 0.67 0.57 0.15
COP (%) 0.24 0.24 0.45

number of measurements.

1 & _
ax:\/n_I;(x,»—x)z ®

Although the confidence interval of the arithmetic average and the
empirical standard deviation is 68.3%, the empirical standard deviation
is multiplied by 2 to obtain a confidence level of 95.5%.

Nevertheless, as parameters of interest cannot be measured directly,
they are derived from others such as temperature and pressure. Thus, the
Gaussian law of error propagation can be applied to quantify the un-
certainty of the derived parameters. When the quantity desired Y is
calculated as a function of one or more variables from direct meas-
urement,Y = f(x1, x2,Xs, ---,Xx), the standard deviation of the derived
quantity is described by Eq. (9).

©)

Where the index j describes the influencing variables of the derived
quantityY. The software EES [35] has been used to implement the par-
tial derivative of a function. It is required to calculate the uncertainty of
the desired quantity with that of the measured quantities.

4. Results and discussion
4.1. Operating and energetic performance

In this section, the results measured or calculated from experimental
tests have been presented and discussed. The X-axis represents the
different condensing temperatures tested, colours evidence each
refrigerant, and symbols highlight evaporating levels. When compressor
efficiencies are discussed, results included in Figures are represented
against pressure ratio, without distinction of evaporating or condensing
temperatures.

The first parameter presented in the paper is the mass flow rate,

Tev: 7.5°C 15°C 22.5°C
HFC-134a —— A —-
HFO-1234ze(E) —o— - o
R-515B —o . e
0.10

* -

»w 0.09 - | S - o S +______

o o

55 60 65 70 75 80 85
Condensing Temperature [°C]

Fig. 3. Mass flow rate experimental measurements.
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directly measured from the mass flow meter, Fig. 3. Both alternatives Tev: 7.5°C 15 °C 22.5°C
present a significant reduction from HFC-134a results, being HFO- HEC-134a e . -
1234ze(E) the refrigerant with the lowest values in most situations. HFO-1234ze(E) —o— A e
Therefore, the use of R-515B causes an average mass flow rate decrease R-5158 —.— ——be-
of 13% and HFO-1234ze(E) of 15%, both compared to HFC-134a. 220

The mass flow rate is proportional to compressor suction density.
Therefore, the enormous difference in this value (Table 1) explains the
noticeable difference in mass flow rate and the evolution with varying
evaporating temperature at constant superheating degree and
compressor rotational speed. However, this difference is lower than
expected because both alternatives’ volumetric compressor efficiency is
higher than HFC-134a. As Fig. 4 exposes, the volumetric efficiency of
HFO-1234ze(E) is higher than R-515B at lower pressure ratios, whereas
the difference between both alternatives is reduced when increasing this
parameter. On average, the alternatives’ volumetric efficiency is 4%
higher than HFC-134a even though the compression ratio for the same
operating conditions is increased approx. 2%. Condensing Temperature [°C]

Before discussing heating capacity results, the experimental heating
effect is shown in Fig. 5. At low evaporating temperatures, the effect of Fig. 5. Heating effect experimental results.
condensing temperature is positive concerning this value. Similarly, as
seen with the mass flow rate, the heating effect of HFC-134a is higher
than that of alternatives. For HFO-1234ze(E), the reduction is 8% to
12% higher at low evaporating temperatures and 7% to 8%. For R-515B HFC-134a —— - —-
instead, the reduction is from 12% to 16% and from 11% to 12%, HFO-1234ze(E) —o— -eh-- -
respectively). The higher HFC-134a latent heat of condensation and R-515B —o— --A-- — -
enthalpy at compressor discharge at the same operating conditions ex-
plains this phenomenon.

Once analysed, both parameters that proportionally affect heating
capacity (heating effect and mass flow rate) are depicted in Fig. 6. As
expected, the low GWP refrigerants cause a significant reduction of the
heating capacity delivered, ranging from 22% to 25% for HFO-1234ze
(E) and from 23% to 27% for R-515B. If heating capacity is a critical
parameter, a variable speed compressor or a unit redesign with a grater
compressor displacement is recommended to keep these values at HFC-
134a levels. Suppose the heat pump unit is used as a waste heat valor-
isation system. In that case, this can cause higher requirements from the

2001

180 1

Heating Effect [k] kg~!]

=
(<))
o

Tev: 7.5°C 15 °C 22.5°C

=
(o)}

=
H

=
o

@

Heating Capacity [kW]
(=]
N

main heating system or longer charging periods for the heat accumu- 6 : T r T T T r
lator/battery. 55 60 65 70 75 80 85
Before assessing the energy performance results based on the COP, Condensing Temperature [°C]

the compressor power consumption is analysed. Fig. 7 exhibits the
experimental measurements for this parameter. A smaller influence of
the evaporating temperature is seen because the mass flow rate almost
offsets the variation of the specific work of compression. Consequently,
the compressor power consumption is slightly lower at higher evapo-
rating temperatures. On the contrary, compressor power consumption HFC-134a —— A —-

Fig. 6. Heating capacity experimental results.

Tev: 7.5°C 15°C 22.5°C

grows with the increase of condensing temperature since the pressure 'g‘ HFO-1234ze(E) —eo— A .-
ratio augments the specific compression work. X~ R-515B e --A-- -
Regarding the refrigerant comparison, the compressor consumes less c
power using both alternatives. Even though the difference is minimum, 8
Q
£ A
o HFC-134a e HFO-1234ze(E) e R-515B a #7
1.00 S
O
z 5
0.951
k5] 3
9 a
E:J 0.90 1 5
L a
—
% 0.851 8 2.0+— . : : " T T
g S 55 60 65 70 75 80 85
S 0.801 8 Condensing Temperature [°C]
>
0.75 Fig. 7. Compressor power consumption experimental measurements.
T2 3 4 5 6 7 8

Pressure Ratio

Fig. 4. Compressor volumetric efficiency experimental results.
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R-515B is the refrigerant with the lowest values measured. The differ-
ence between HFC-134a and the alternatives is, on average, 25%.

Overall compressor efficiency is calculated from compressor power
consumption, and these results are included in Fig. 8. As happened for
volumetric efficiency, HFO-1234ze(E) results in slightly higher average
values, particularly at lower pressure ratios. The difference compared to
HFC-134a is increased at higher pressure ratios. On average, the volu-
metric efficiency of HFO-1234ze(E) and R-515B is 4% and 3% higher
than that of HFC-134a, respectively. Therefore, considering the resulting
compressor efficiencies observed, it can be concluded that both alter-
natives appropriately adapt to HFC-134a scroll compressors and
lubricants.

The last energetic parameter analysed is the (heating) coefficient of
performance (COP), which results are included in Fig. 9. The three re-
frigerants present comparable results in COP, so the difference in heat-
ing capacity and compressor power consumption is a similar level. The
only remarkable difference is the lower COP of HFC-134a at higher
condensing temperatures (note that it is the refrigerant with the lowest
critical temperature). Overall, the conclusion regarding COP is that the
replacement of HFC-134a with HFO-1234ze(E) or R-515B does not cause
a noticeable variation in the performance of the heat pump (average is
2% and 1%, respectively), except at higher condensation temperatures
(MHTHP conditions), where the COP increase can reach up to 5% for
HFO-1234ze(E) and 4% for R-515B. These results confirm predictions
made by the theoretical analysis of [31] for most conditions and even
surpass what has been expected at higher condensation temperatures.

Finally, discharge temperatures are included in Fig. 10. It can be seen
why HFC-134a experimental tests could not reach higher condensing
temperatures because its values are 10 and 11 K higher than that of HFO-
1234ze(E) and R-515B, respectively. HFC-134a reaches 145 °C at 75 °C
condensing temperature and 7.5 °C evaporating temperature, and at this
point, that of alternatives is around 20 K lower. It is also proved how
these low GWP alternatives help extend the operating range of heat
pumps or extend the installation’s lifetime at the same operating con-
ditions. Moreover, R-515B could even reduce discharge temperature a
few degrees over HFO-1234ze(E) while improving the unit’s safety.

4.2. Heating capacity matching

As exposed in Section 3.2 and attending to the interesting conclu-
sions drafted in [36], this section includes the results for which
compressor frequency has been increased when using HFO-1234ze(E)
and R-515B to match HFC-134a heating capacity. The theoretical
compressor frequency required has been calculated and then set in
additional experimental tests. The resulting theoretical frequency for
matching in heating capacity is 48.3 Hz on average, and these results are
compared with those of HFC-134a at 35 Hz. An intermediate evapora-
tion temperature between the HPHW and MHTHP has been fixed.
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Fig. 8. Overall compressor efficiency experimental results.

Applied Thermal Engineering 196 (2021) 117256

Tev: 7.5°C 15°C 22.5°C
HFC-134a —— --A-- — -
HFO-1234ze(E) —o— - -
R-515B —o— --A-- -
5
4
S
O 34
2
1 T T . 1 i | i

55 60 65 70 75 80 85
Condensing Temperature [°C]

Fig. 9. Coefficient of Performance (COP) experimental results.

Tey: 7.5°C 15°C  22.5°C

HFC-134a — —a- -
HFO-1234ze(E) —o— ——Ae- P
R-515B —o— --A-- -9

& 1451

(]

£ 1354

)

© 125

()]

g 1154

1051

()]

2 954

@©

S 851

0

o 75+— : !

55 60 65 70 75 80 85
Condensing Temperature [°C]

Fig. 10. Discharge temperature experimental measurements.

In this regard, Fig. 11.a) shows the resulting heating capacity. As
before, HFO-1234ze(E) heating capacity remains above R-515B,
matching HFC-134a or slightly higher. At this compressor frequency, the
heating capacity of R-515B is still before that of HFC-134a and would
require a higher value. Then, Fig. 11.b) shows positive results for the
COP of both alternatives. Except for the lowest condensing temperature
condition, COP of HFO-1234ze(E) and R-515B is higher than HFC-134a.
While HFO-1234ze(E) benefits from lower condensing temperatures, R-
515B matches or even surpass HFC-134a COP from 70 °C.

4.3. Carbon footprint analysis

Finally, a carbon footprint analysis is proposed to validate a part of
the environmental benefit of substituting HFC-134a with low GWP al-
ternatives. Total Equivalent Warming Impact (TEWI) is the metric
selected for obtaining the reduction in carbon dioxide equivalent (CO2e)
emissions because it does not require many assumptions, and the ac-
curacy is comparable to other more complex analysis [37].

Following this work’s recommendations, different scenarios are
proposed, considering various situations in a heat pump. Therefore, two
carbon emission factors (electricity generation primarily based on
renewable sources, Sweden, or fossil fuels, Germany) and two leakage
rates (representing situations of proper or low maintenance) are
considered in the analysis. The TEWI metric is calculated as indicated in
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TEWI = GWP-m,o-L-n + GWP-m, (1 — @) + n-E,-f @

Fig. 12 contains results for the possible TEWI reduction caused by the
replacement of HFC-134a by HFO-1234ze(E) and R-515B, considering
two different operating conditions, HPWH and MHTHP, setting the
evaporating temperature at 7.5 and 22.5 °C, and condensing tempera-
ture at 60 and 75 °C, respectively.

The alternatives’ carbon footprint reduction is evident, primarily
affected by the refrigerant leak in countries with lower emission factors,
such as Denmark or Sweden. In countries with emission factor at the
level of Germany or considering the EU’s average, the maximum
reduction (at 25% refrigerant leak) is between 15% and 28% for both
alternatives. Moreover, environmental benefit conditions of MHTHP
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(higher condensing temperature) seem more advantageous than the
HPWH mode. Although TEWI reduction produced using R-515B is lower
than that of HFO-1234ze(E), the environmental benefit is still incon-
testable, helping extend safer large capacity heat pump systems.

5. Conclusions

The interest in heat pumps is rising in the past years, as these systems
are considered clean technologies because they can be powered by
renewable energy. Heat pump water heater and moderately high tem-
perature heat pumps are applications with moderate temperature levels
(55 to 85 °C) which refrigerants have not been yet studied in deep. The
low GWP HFO-1234ze(E) and an up-and-coming non-flammable
mixture named R-515B are experimentally studied from operational,
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Fig. 12. TEWI reduction using low GWP alternatives instead of HFC-134a.
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energetic, and environmental perspectives to replace HFC-134a.

65 experimental tests have been performed at condensing tempera-
tures between 55 and 85 °C, and evaporating temperatures between 7.5
and 22.5 °C in a heat pump experimental setup equipped with a scroll
compressor. The main conclusions are as follows:

e The mass flow rate of HFO-1234ze(E) and R-515B is significantly
decreased compared to HFC-134a, being 15% and 13% lower,
respectively. The suction density causes this diminution, considering
that the volumetric efficiency of alternatives results is around 4%
higher.

The heating effect of alternatives is also diminished. Consequently,
the alternatives’ heating capacity remains below that of R-134a,
down to 25% and 27% in the case of HFO-1234ze(E) and R-515B.
The deviation in compressor power consumption follows a similar
behaviour, motivated by a slightly higher compressor overall effi-
ciency, and alternatives have comparable or higher COP. At higher
condensation (heat production/sink) temperatures, the alternatives
increase COP up to 5%. Discharge temperatures of alternatives can
be 20 K lower, which allows extending the tests up to 85 °C
condensation temperatures.

If heating capacity requirements are strict, a new installation,
compressor, or higher frequency would require the proposed alter-
natives. In this way, the average frequency for matching HFC-134a in
heating capacity was theoretically assessed, 48.3 Hz. At 15 °C
evaporation temperature and increased frequency, HFO-1234ze(E)
match heating capacity while increasing COP. R-515B heating ca-
pacity remains below that of HFC-134a even though it is close to the
match.

The carbon footprint (TEWI) analysis reveals that both fluids can
significantly benefit from an environmental perspective in situations
with lower emission factors. Environmental benefits do not vary
significantly between HTHP and MHTHP applications, even though
benefits are lightly more noticeable in the second situation.

This work confirms that HFO-1234ze(E) and R-515B do not cause
noticeable differences in operational or energetic parameters. There
would be energetic benefits, an extended operating range, and carbon
emissions reduced in both situations. This paper provides a significant
amount of experimental information that could be combined with that
shown by [18] and that included in previous refrigeration systems [14]
to understand better the HFO-1234ze(E) behaviour in heat pumps.
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