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R513A

R513a (XP10), a mixer of 56% R1234yf (C3H,F4) and 44% R134a (CH,FCF3), has similar thermophysi-
cal characteristics to R134a but only half of its global warming potential (GWP). This paper uses an
economized-cycle vaper compression refrigeration system as an example to investigate the energy and
exergy performance of R513a used as a drop-in replacement for R134a. Differing from previous research,
this study examines the entire system operating zone to identify the performance differences in terms of
capacity, COP, exergy destruction rate, and exergy efficiency between R513a and R134a systems. The anal-
ysis found that a system with drop-in R513a demonstrates reduced capacity by up to 12% and efficiency
(up to 9% with COP and 14% with exergy efficiency) under a majority of operating conditions, while ex-
hibiting less irreversibility (5% to 13%) under high-ambient, high-space temperature conditions and better
exergy efficiency of 3% in low-ambient conditions. In addition, the contribution of each individual com-
ponent to the exergy destruction rate at various operating conditions is identified. To improve the energy
and exergy efficiency of a R513a system, the analysis results indicate that the compressor is the first
component that should redesigned or reselected, followed by the economizer, valves, and evaporator. The

condenser influence is negligible.

© 2019 Elsevier Ltd and IIR. All rights reserved.

1. Introduction

Because of concerns regarding ozone depletion potential (ODP)
and global warming potential (GWP), many hydrofluorocarbon
(HFC) refrigerants have been or will be phased out, according to
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the Montreal Protocol and Kyoto Protocol. Thus, finding suitable al-
ternative refrigerants is a critical and urgent issue for the refriger-
ation industry.

Many studies have been conducted to identify suitable alterna-
tive refrigerants for various applications based on their thermody-
namic characteristics, economics, environment impact, safety, and
technology maturity (Devecioglu and Orug, 2015). Han et al. (2007)
presented a new mixture of R32/R125/R161 to replace R407C. Their
theoretical study and experimental test indicated that the new re-
frigerant consumes less power and has higher capacity and coef-
ficient of performance (COP) than R407C, although the discharge
temperature is higher. Dalkilic and Wongwises (2010) studied the
energy performance of various mixtures of HFC134a, HFC152a,
HFC32, HC290, HC1270, HC600, and HC600a to compare them with
CFC12, CFC22, and HFC134a as possible refrigerant replacements.
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Nomenclature

Symbols

T temperature, °C

Q heat transfer rate, kW

\W work rate, kW

m mass flow rate, kg/s

e specific exergy, kJ/kg

E exergy rate, kW

h specific enthalpy, kJ/kg

S specific entropy, kJ/(kg K)
\Y velocity, m/s

z elevation, m

n efficiency,%

cor coefficient of performance
Subscripts and abbreviations

0 reference state

12...9  state number

cv control volume

i inlet

e exit

b boundary

comp compressor

suc compressor suction port
ecn compressor economized port
dis compressor discharge port
cond condenser

evap evaporator

>V thermal expansion valve
EXV electronic expansion valve
sys refrigeration system
2ndlaw  thermodynamic second law
air air side

The results indicated that refrigerant blends of HC290/HC600a
(40/60 by wt%) and HC290/HC1270 (20/80 by wt%) are the most
suitable alternatives for R12 and R22, respectively, among refriger-
ants tested. Sagia and Rakopoulos (2016) proposed the binary mix-
ture R32/R134a and the ternary blends R-407B (10wt% R-32, 70wt%
R-125, 20wt% R-134a), R-152a/R-125/R-32 (48wt% R-152a, 18wt% R-
125, 34wt% R-32), R-410B (45wt% R-32, 55wt% R-125) and R-507A
(50wt% R-125, 50wt% R-143a). to replace R22 in the heat pumps
of ground source heat pump systems. A thermodynamic examina-
tion of the heat pump cycle found that R32/R134a mixtures are
the most suitable base for the glide matching method, and the
ternary mixture R152a/R125/R32 has a very close COP to that of
an R22 system. Antunes and Bandarra Filho (2016) conducted an
experimental investigation of alternative halogenated refrigerants
(HFC438A, HFC-404A, HFC-410A, and HFC-32) and hydrocarbons
(HC-290 and HC-1270) as drop-in replacements for HCFC-22 in a
5-ton refrigeration system. The experimental results showed that a
system with R1270 was the most efficient for the same evaporation
conditions, and R404A was the worst substitute for R22. Shen et al.
(2018) compared low-GWP alternatives to R-22 and R-410A in two
rooftop air conditioners and identified ARM-20B as the best R-22
replacement at normal conditions. Among R-410A replacements, R-
32 has the best COP and R452B can achieve the same efficiency as
R-410A.

Park et al. (2007) conducted thermodynamic and experimen-
tal analysis of seven mixtures composed of propylene, propane,
HFC152a, and dimethylether to replace HCFC22 in residential air
conditioners and heat pumps and concluded that these fluids can
be used as long-term alternatives for residential air-conditioning
and heat-pumping applications. Yataganbaba et al. (2015) looked

at two evaporator vapor-compression refrigeration systems through
exergy analysis of R1234yf and R1234e as R134a replacements
and specifically investigated the effects of the evaporator and con-
denser temperature on the exergy destruction and exergy effi-
ciency of the systems. Belman-Flores et al. (2017) also studied the
energy and exergy impact of R1234yf as a drop-in replacement for
R134a for a domestic refrigeration system. Besides checking the
evaporator and condenser te4mperature, Belman-Flores analyzed
the impact of the amount of refrigerant charge and concluded
that R1234yf may not be a likely drop-in replacement for R134a
in domestic refrigeration systems. Vaghela (2017) evaluated the
thermodynamic performance of different alternative refrigerants—
including R290, R600a, R407c, R410A, R404A, R152a, and R1234yf—
as drop-in substitutes for R134a. His analysis shows that R1234rf
is the best suitable alternative refrigerant. Devecioglu and Orug
(2017) analyzed the low-GWP refrigerants R1234yf, R444A, and
R445A in mobile air-conditioning systems. According to their anal-
ysis, systems with R1234yf showed better efficiency and COP
and less capacity than ones with R444A and R445A. Sun et al.
(2019) tried to find the refrigerant with the best performance in
a cascade refrigeration system and recommended R161 for high-
temperature cycles and R41 and R170 for low-temperature cycles.
Maiorino et al. (2018) made a theoretical and experimental com-
parison between R-134a and R-152a used in a domestic refrig-
erator. Their studies indicated that replacing R-134a with R-152a
can enable reductions in the total refrigerant charge and energy
consumption. Nawaz et al. (2017a) evaluated the performance—
including unified energy factor, first hour rating, condenser dis-
charge temperature, thermal stratification in the water tank, and
total refrigerant charge—of R290 (propane) and R600a (isobutane)
as substitutes for R134a (an HFC) for heat pump water heating and
found the R290 to be a better substitute for R134a. Nawaz et al.
(2017b) investigated the impacts of the condenser wrap pattern,
condenser tube size, evaporator size, and heat loss factor from
the storage tank and showed that both R1234yf and R1234ze (E)
can be substituted for R134a with comparable performance and no
substantial modifications to the original system.

Yang et al. (2018) conducted a primary comparison of
R1233zd(E) and R245fa based on experimental results. Analysis
of the expansion behavior was also implemented with a semi-
empirical expander model. Their conclusion was that R1233zd(E)
has great potential as a low-GWP drop-in replacement for R245fa
for organic Rankine cycle applications. Mateu-Royo et al. (2019)
analyzed the feasibility of HCFO-1224yd(Z), HCFO-1233zd(E), and
HFO-1336mzz(Z), three low-GWP refrigerants, as alternatives to
HFC-245fa in high-temperature heat pump systems for low-grade
waste heat recovery. The results showed that alternative refriger-
ants have comparable thermodynamic and transport properties to
HFC-245fa. Fannou et al. (2015) made a comparative performance
analysis of a direct expansion geothermal evaporator using R410A,
R407C, and R22 as refrigerants. The simulation results showed that
for a low refrigerant flow rate, the R410A DX evaporator showed
better performance than R22; but based on the observed pressure
drop and superheating recorded with the former, they concluded
that R407C is the best fluid to replace R22 in a direct expansion
geothermal heat pump.

Energy and exergy analyses have been power methods to
be used for studying various thermodynamic system (Azhar and
Altamush, 2019; Azhar and Altamush, 2018; Azhar and Al-
tamush, 2017), including investigation of alternative refriger-
ant for vapor compressor cycle system. However, many studies
(Ahamed et al., 2011; Bilgen. and Takahashi., 2002) focus on ap-
plications with a relatively narrow operating range, such as domes-
tic refrigeration systems and heat pumps with spaces temperatures
around —5 to 10°C. Little research conducts the energy and ex-
ergy analyses for applications with a wide operating range, such as
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Fig. 1. System diagram of a refrigeration system with economized cycle.
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Fig. 2. Pressure enthalpy diagram of a refrigeration system with economized cycle.

industrial refrigeration systems in spaces with temperatures from
—30 to 30 °C. For refrigeration systems with wide operating en-
velopes, an alternative refrigerant could have very different influ-
ences in different operation zones compared with a conventional
refrigerant. Using an economized-cycle vapor compression refrig-
eration system as example, this study investigates the energy and
exergy influences in the entire operating zone when using R513a
as drop-in replacement for R134a. In addition, the individual com-
ponents’ contributions to the exergy destruction rate and rational
efficiency under various operating conditions are identified, which
provides a guide for the design optimization of an alternative re-
frigerant (R513a) system.

2. Energy and exergy analysis

An economized-cycle vapor compression refrigeration system
(as shown in Fig. 1) was used to conduct the energy and ex-
ergy analyses. The system consisted of several major compo-
nents: two-stage compressor, evaporator, condenser, economizer,
and thermal/electronic expansion valves (TXV/EXV). Fig. 2 depicts
the pressure-enthalpy diagram of the selected system. To perform
energy and exergy analyses, the following several assumptions
were made:

The control volume enclosing each component is at steady
state.

The change in the potential and kinetic energy between the in-
let and outlet flow of each component is insignificant and can
be neglected.

The reference state conditions of the refrigerant are selected as
temperature Top =298 K and pressure Pj =1 atm

For simplification, the exergy destruction in the pipes is negli-
gible.

The expansion across the TXVs/EXVs is a throttling and isen-
thalpic process.

According to the second law of thermodynamics, the exergy
rate balance for a control volume at steady state can be given as

(Winterbone, 1997)
T
O:Z(l—%)jSWC +Zm,-ef,-—2meefe—Ed (1)
j J i e

where e is the specific exergy and is expressed as

V2
€f=(h—h0)—T0(5—50)+7+g2 (2)

If each individual component is treated as a control volume,
Eq. (1) can be applied to these components, and their exergy de-
struction rate can be calculated as follows.

Compressor

The mechanical and fluid friction in the compressor and com-
pressor heat loss to the surroundings are the main sources of the
irreversibility of the compression process. Given the assumptions
in Eqs. (1) and (2), the exergy rate balance equation (Wagner et al.,
1994) can be simplified as

0 = Weomp + myeq + mye; — mges — Ecomp (3)

Rearranging Eq. (3), the compressor exergy destruction rate
Ecomp is given by

Ecomp = Weomp + myeq + mze; — myey (4)
where e is the specific exergy and defined as
ei = (hi—ho) —To(si—s0) i=1,3.4 (5)
Then the compressor exergy destruction rate Ecomp is
Ecomp = Weomp + (Msuchy + Mecnhy — my;shy)
— To(MsucS1 + MecnS7 — MyiSa) (6)
The exergy efficiency for the compressor is defined as

E
Ncomp_exergy = 1 — ﬁ (7)

Condenser

Condenser irreversibility results from the heat transfer via the
temperature difference between the condenser and the surround-
ings (Belman-Flores et al., 2017). Applying the exergy destruction
rate balance equation to condenser control volume gives the con-
denser exergy destruction rate E.y,q as

T¢
Econd = (1 - 0

T )Qcond+mdis[(h4—hs) —To (54— Ss5)] (8)
b.cond

where T conq is the condenser control volume heat transfer bound-
ary temperature. It can be represented by the condenser air side
mean temperature calculated by

Tb,cond — Tcond,air,t;_ Tcond.air,i (9)
In( ez )
The condenser exergy efficiency can be expressed as
E
—1_ cond 10
Mleond.exergy Myjs[ (ha — hs) — To(Sa — S5)] (10)

Evaporator

Similar to the condenser, the evaporator irreversibility also re-
sults from the heat transfer resulting from the temperature differ-
ence between evaporator and the surroundings. The evaporator ex-
ergy destruction rate Eeygp is calculated by

Tc
Eeqp= (1 -7 £ )Qe ap + Msuc[(hg — 1) — To(so —s1)]  (11)
b.e ap

where T qp, is the evaporator control volume heat transfer bound-
ary temperature. It can be represented by the evaporator air side
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mean temperature calculated by

Te ap.aire — Te ap,air,i

Tb,e ap = T (]2)
1n< e ap.air,e )
Te ap,airi
The evaporator exergy efficiency is given by
Ee ap
=1- 13
ne ap.exergy msuc[(h9 _ hl) _ T(] (59 _ S‘l)] ( )

Economizer
Similar to the condenser and evaporator, the economizer heat
exchange exergy destruction rate Ec is calculated by

Eecn = Msyc[(hs — hg) — To (S5 — Sg)]

+ Mecn[ (he — h7) — To(S6 — 57)] (14)
The economizer exergy efficiency is given by
Mecn[ (hs — h7) — To(Ss — $7)] (15)

necn,exergy msucl(h5 _ hg) _ TO (55 _ 58)] .
Expansion valves
Since the expansion is assumed to be throttling, the heat trans-
fer and working associated with the process are negligible. The ex-
ergy rate balance for the TXV is given as

(16)

With the isenthalpic assumption, Eq. (16) can be further simpli-
fied to calculate the TXV exergy destruction rate as

0 = mses — mges — Erxy

Erxv = MecnTo (S — Ss5) (17)
a 1.2 1
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Fig. 3. (a) Suction mass flow rate. (b) Economizer bypass mass flow rate. (c) Discharge mass flow rate. (d) Compressor power consumption. (e) Evaporator capacity.

(f) Economizer capacity. (g) Condenser capacity.

The TXV exergy efficiency can be calculated by

Mecn (hs — ToSe)

18
Meen (hs — ToSs) (18)

NTXV, exergy =

Similarly, for the EXV, the exergy destruction rate is given by

Egxv = MsucTo(So — Sg) (19)
Then the EXV exergy efficiency is
Msyc (hg — Tos
TEXV.exergy = % (20)
System

Summarizing the component exergy rate destruction gives the
total system exergy destruction rate:
(21)
The system exergy efficiency is expressed as the ratio of the
system actual COP to the system maximum COP:
__ cop
NondLaw = COPrax

The system actual COP can be calculated as the ratio of system
net capacity to the system power consumption:

Esys = Ecomp + Econd + Ee ap + Eecon + ETXV + EEXV

(22)

COP =Q/W (23)
The system theoretical maximum COP is given by
COPmax = Tb,e ap / (Tb,cond - Tb,e ap) (24)
c 12
—_ [ Discharge Mass Flow Rate Normalized
§ 1 £ Rated Discharge Mass Flow Rate
g [
£ . [ +5% y
n 8 + 4%
o C >
= - £d
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[
= [ o
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Fig. 3. Continued

3. Modeling, simulation and analysis

To analyze the energy and exergy, a refrigeration system simu-
lation model was built. The energy balance was described in the
mathematical models for the component and the system. These
models, combined with the exergy balance equations described in
the previous section, were solved for the energy and exergy analy-
ses.

Before these energy and exergy models were simulated, they
were calibrated and validated by comparing the simulation results
with experimental data to ensure the model met the accuracy re-
quirements. The validation results for several key performance in-
dexes are plotted in Fig. 3a-g, including the compressor power
consumption; mass flow rates of suction; economizer bypass and
discharge; and capacities of the evaporator, condenser, and econo-
mizer.

Fig. 3a—c illustrate the mass flow rate prediction results, includ-
ing mass flow rates at the compressor suction, economizer bypass,
discharge. The simulation maintained high accuracy (+5%) in pre-
dicting the suction mass flow rate but relatively large error (+15%)
in calculating the compressor economizer bypass mass flow rate.
Fortunately, the economizer side bypass flow rate accounts for less
than 15% of the compressor suction mass flow rate, so the inac-
curacy in the economizer bypass mass flow rate estimation con-
tributed only about 1% error in the total mass flow rate prediction.
The result was +£6% accuracy in predicting the discharge mass flow.

Thus, the relatively large error in the economizer bypass mass flow
rate calculation was acceptable for our analysis.

Fig. 3d illustrates that the compressor power consumption was
well predicted (£+5%) by simulation compared with the experimen-
tal data,

Fig. 3e to g indicate that the model predicted the evaporator
and condenser capacities quite well, with £5% error, but the sim-
ulation results did not closely match the test data for the econo-
mizer heat exchange capacity, resulting in +10% error. Similar to
the mass flow rate, the economizer heat exchanger is relatively
small with a nominal capacity of less than 20% of the evapora-
tor nominal capacity. Thus the simulation error for the econo-
mizer capacity did not result in a significant impact on the evap-
orator and condenser capacity prediction, as is shown in Fig. 3e
and f.

With the validated system model, simulations were conducted
to compare the system energetic and exergetic characteristics of
refrigerants R134a and R513a, including the capacity, exergy de-
struction rate, energy efficiency (COP), and exergy efficiency under
various ambient and space temperatures.

The simulation results show the following:

Fig. 4 compares the system capacity for R134a and R513a at var-
ious ambient and space temperatures. From a capacity stand-
point, the favorable zone for the R134a system was at a space
temperature >0 °C and ambient temperature >5 °C, at which it
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Fig. 8. Exergy flow diagram under the operation conditions of 37.8 °C ambient temperature and 4.4 °C space temperature.

provided up to 12% more capacity than the R513a system. In
an operation zone with low space (< 0°C) temperatures, the
R513a system provided more capacity. However, low ambient
temperature operations normally do not demand high capac-
ity, so excessive capacity would not be beneficial in such areas.
Thus, regarding capacity, R513a is not a favorable choice to re-
place R134a.

The exergy destruction rates of the R134a system and R513a
system are compared as shown in Fig. 5. The results indi-
cated that the R513a system had a larger exergy destruction
rate (up to 20%) than the R134a system at almost all operating
conditions except at relatively high ambient temperature and
high space temperature conditions where the R513a system ex-
hibited a lower irreversibility level (5% to 13%) and operated
more efficiently. If a system needs to run for a longer time at
high ambient temperatures and high space temperature, R513a
would be a good alternative refrigerant.

With regarding to energy efficiency, since the system was orig-
inally designed to use R134a, it would operate more efficiently
with R134a than with R513a under many critical operating con-
ditions, for example, 2% to 9% more efficient under ambient
temperatures between 5 °C and 38 °C. The results in Fig. 6 show
that the R513a system operated at only slightly better efficiency
(< 4%) than the R134a system under very limited operating
conditions such as ambient temperatures below 10 °C.

Similar to the energy efficiency analysis, the results showed
that R134a offered higher exergy efficiency (up to 14%) than
R513a under the majority of operation conditions (Fig. 7). Only
at low ambient temperatures (<15°C) was the R513a system
slightly more efficient (< 3%).

The energy and exergy comparisons showed that R513a, as a

drop-in replacement for R134a, decreased the system capacity and
efficiency (energy and exergy) under most operating conditions.

Please cite this article as: J. Sun, W. Li and B. Cui, Energy and exergy analyses of R513a as a R134a drop-in replacement in a vapor
compression refrigeration system, International Journal of Refrigeration, https://doi.org/10.1016/j.ijrefrig.2019.12.014
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Fig. 9. (a) Component contributions to the exergy destruction rate change of R513a
unit vs. R134a unit: fixed ambient temperature of 37.8 °C and varying space temper-
ature (—28.9°C to 4.4°C). (b) Component contributions to the exergy destruction
rate change of R513a unit vs. R134a unit: fixed space temperature of —6.7 °C and
varying ambient temperature (4.4 °C to 37.8 °C).

One of the main reasons is that the system being tested was origi-
nally designed optimally for the use of R134a refrigerant, especially
the compressor was designed or selected with best performance
for R134a. With drop-in replacement by R513a, all the components,
except for the condenser, have more exergy lost compare to using
R134a as shown in the exergy flow diagram (Fig. 8).

A common concern is how to modify current system designs to
improve their efficiency and capacity if the refrigerant is changed
from R134a to R513a. One way to address this question is to rank
the components based on their individual contributions to irre-
versibility over the entire operation zone. The results are plotted
in Fig. 9.

Fig. 9 plots the contribution of each component in percentage,
including compressor, condenser, evaporator, economizer, TXV, and
EXV, on the exergy destruction rate change when R134a is replaced
by R513a. The analysis compares the difference of each compo-
nent’s contribution under two sets of operating conditions. Under
one condition, the space temperature was varied from —28.9 °C to
4.4 °C at a constant ambient temperature of 37.8 °C (Fig. 9a). Under
the other condition, the ambient temperature was changed from
44°C to 38°C at a fixed —6.7 °C space temperature (Fig. 9b). Ac-
cording to the analysis, the following were the results:

The compressor was obviously the largest contributor to the
irreversibility when R513a was used as a drop-in replacement
for R134a, which agrees with the study by Mota-Babiloni et al.
(2018) Also, the lower the space temperature and the higher
the ambient temperature, the more the compressor contributed
to the irreversibility. Thus, if R513a is used to replace R134a, it
is necessary to redesign or reselect the compressor first, com-
pared with the other components.

The condenser was the smallest contributor to the inefficiency
under most of the operating conditions. Moreover, the influence
of the condenser on irreversibility exhibited an opposite trend
from the compressor: the lower the space temperature and the
higher the ambient temperature, the less impact the condenser
had on the irreversibility. In general, the impact of condenser
on the replacement of R134a by R513a was negligible.

The economizer and valves made a moderate contribution to
the exergy destruction rate and had a similar trend to the com-
pressor under various operating conditions.

The evaporator presented more irreversibility under high space
temperatures and low ambient temperatures than under other
operating conditions.

4. Conclusion

The refrigerant mixture R513a (R134a/R1234yf) has similar ther-
mophysical characteristics to R134a but a much better GWP, e.g.,
600 vs. 1430, which makes it a possible good alternative refrigerant
for R134a. To evaluate R513a as a drop-in replacement for R134a in
a typical economized-cycle vapor refrigeration system, this study
investigated the energy and exergy performance difference in the
entire operating zone and identified the contributions of the in-
dividual components to the exergy destruction rate increase. The
analysis found that a system in which R513a replaces R134a will
suffer reductions of capacity by up to 12% and efficiency (up to
9% with COP and 14% with exergy efficiency) under a majority of
operating conditions but will exhibit around 5% to 13% less irre-
versibility at high ambient and high space temperatures and bet-
ter exergy efficiency of 3% at low ambient temperatures. According
to the analysis, to improve the R513a system energy and exergy
performance, the first component that needs to be redesigned or
reselected is the compressor, followed by the evaporator, econo-
mizer, and valves (TXV and EXV). The condenser can retained be-
cause it has the least influence on the performance with the re-
frigerant change.
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