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Abstract: This paper presents a detailed theoretical exergy analysis of single stage vapour compression refrigeration system using
refrigerants R-410A, R-407C, R-600A, R-290, R-32, R-134A, HFO-1234yf, HFO-1234ze. For exergy analysis a mathematical
computational model is developed in engineering equation solver (EES) for calculating coefficient of performance (COP), exergetic
efficiency, exergy destruction ratio (EDR) and the effect of evaporator temp, effectiveness of liquid vapour heat exchanger on COP,
EDR, and exergetic efficiency is presented. Among the refrigerants taken HFO-1234yf and HFO-1234ze shows the promising results
because of ultra low global warming potential (GWP) and zero ozone depletion potential (ODP).
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1. Introduction

Refrigeration is a science which is used to produce low
temperature or ultra low temperature (depending on the
application) as compared to the surrounding by absorbing
heat at a low temperature and rejecting it at a higher
temperature working on a cycle. Refrigeration and air
conditioning performs different functions, former one
controls only one thing i.e. temperature while the latter one
controls velocity of air, purity of air, humidity along with
temperature. In 1974, large scale use of CFC, HCFC in
mobile air conditioning and stationary refrigeration
application depleted the ozone layer in stratosphere thus
created a hole over the antartic region. This incident
triggered an alarming issue on reducing or phasing out of
CFC and HCFC substances that depletes the ozone layer
due to environmental effect, hence Montreal protocol
came into effect in 1987 [5].

The next problem arises due to GWP, so Kyoto protocol
(1997) proposed the use of refrigerants having ultra low
GWP and zero ODP [6]. Globally a program being
pursued for phasing out the refrigerants having high
chlorine content, high global warming potential and ozone
depletion potential for the sake of environmental
problems. Alternative to CFC and HCFCs are other
substances such as azeotropic mixtures refrigerants with
their zero ODP have been extensively used in many
refrigeration applications (domestic or industrial). A new
series called ,hydrofluoroolefins™ is currently in the
development range because of favourable environment
properties, ultra low GWP and zero ODP. HFO-1234ze
(trans-1, 3, 3, 3-tetrafluoroprop-1-ene) and HFO-1234yf
(2, 3, 3, 3 -Tetrafluoropropene) have ultra low Global
Warming Potential (GWP) of 6 and 4 respectively and
zero Ozone Depletion Potential (ODP). In-fact General

motors (USA) started using HFO-1234yf in all of its
brands from 2013.

It has been clear from table 1, R-600a and R-290a also
known as methylpropane or isobutane and isopropane
respectively, have zero ODP and very low GWP (having a
value of 3.3 times the GWP of carbon dioxide) and can
serve as a functional replacement of R-12, R-22, R-134a,
and other CFC and HFC refrigerants in conventional
stationary refrigeration and air conditioning system,
however flammability issue is still associated with these
refrigerants. R-32 (difluoromethane) has a 100year GWP
of 675 times that of CO,, though slightly flammable.

From 2011, European parliament has published a directive
that will phase out refrigerants with a global warming
potential (GWP) exceeding 150 in automotive air
conditioning (GWP = 100 year warming potential of one
kilogram of a gas relative to one kilogram of CO,). Out of
the eight selected refrigerants taken only four refrigerants
namely HFO-1234yf, HFO-1234ze, R-600a and R-290
satisfy the above condition. But flammability issue is
associated  with R-600a and R-290, hence
hydrofluoroolefins served as the next generation
refrigerants in the MAC (mobile air conditioning) and
stationary refrigeration application [13].

Jyoti soni et al. (2013) performed theoretical exergy
analysis of vapour compression refrigeration cycle using
R-404A, R-407C and R-410A. Firstly she found that COP
and exergetic efficiency of R-407C are better than that of
R-404A and R-410A. Also EDR of R-410A is higher than
that of R-407C and R-404A. Secondly with increase in
effectiveness of liquid vapour heat exchanger COP and
exergetic efficiency decreases while EDR increases. The
total COP of R-407C, R-410A, R404A decreases by
17.39%, 22.82%, 20.91% respectively and exergetic
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efficiency decreases by 9.05%, 5.85%, 6.05% for R407C,
R-410A, R-404A respectively [10].

Aprea and Greco et al. (2002) compared the performance
between R22 and R407C (a zeotropic blend) and
suggested that R407C is a promising drop-in substitute for
R22. Experimental tests were performed in a vapour
compression plant with a reciprocating compressor to
evaluate the compressor performance using R407C in
comparison to R22. The plant overall exergetic
performance was also evaluated and revealed that R22
performance is consistently better than that of its candidate
substitute (R407C) [9].

Shiva Reddy et al. (2012) has investigated the exergetic
analysis of vapour compression refrigeration system with
R134a, R143a, R152a, R404A, R407C, R410A, R502, and
R507A. In this he studied that R134a performed better in
all respect and R407 performed poor [11].

Venkataramana et al. (2010) has performed exergy
analysis of an air conditioner containing refrigerant R22,
substituted by R134a, R290, and R407. Results indicate
that COP and exergy efficiency of R290 vapor
compression refrigeration system (VCRS) is higher and
the values for R407 and R134a VCRS were found to be
lower in comparison of R22 [8].

Bilal and Syed et al. (2011) investigated performance
degradation due to fouling in a vapour compression cycle
for various applications. For the analysis he considers the
two sets of refrigerants depending upon the assumption
and their some properties. Considering the first set of
refrigerants R134a, R410A and R407C while second set
include the refrigerants of R717, R404A and R290. From a
first law standpoint, the COP of R134a always performs
better than R410A and R407C unless only the evaporator
is being fouled. From a second law standpoint, the second
law efficiency of R134a performs the best in all cases.
From a first law standpoint, the COP of R717 always
performs better than R404A and R290 unless only the
evaporator is being fouled. From a second law standpoint,
the second law efficiency of R717 performs the best in all
cases. Volumetric efficiency of R410A and R717
remained highest under all the respective conditions.
Furthermore, performance degradation of evaporator has
larger effect on compressor power consumption while the
performance degradation of condenser has larger effect on
COP of the vapour compression cycle [12].

Leck et al. (2010) have reported the results of an
atmospheric modeling study in which he found that
replacing HFC-134a in vehicle air conditioning units with
HFO-1234yf would have little, or no impact on
tropospheric ozone levels (impact was less than 0.01% of
total ozone formed during the simulations) [3].

Brown et al. (2009) gives an overview of the feasibility of
HFOs as replacement refrigerants. The researches on HFO
are mostly focused on measuring or reckoning their
thermodynamic properties. Thermodynamic and transport
properties of HFO-1234yf and HFO-1234ze fluids are
available in REFPROP [4].

2. Cycle Description and Model

Vapour compression cycle is highly irreversible cycle due
to throttling process involved and operate on high grade
energy i.e. work. Vapour Compression system consist of
the following process:

1)Process,1-2: superheating of saturated vapour refrigerant
in LVHE at constant pressure

2)Process, 2-3: actual compression of superheated vapour
refrigerant in the compressor.

3)Process,3-4: constant pressure heat rejection in the
condenser

4)Process 4-5: subcooling of saturated liquid refrigerant in
LVHE at constant pressure

5)Process5-6: throttling process (isenthalpic expansion)

6)Process 6-1: constant pressure heat absorbtion in the
evaporator

Figure 1- 3, shows the schematic representation of vapour
compression cycle equipped with LVHE on T-s and P-h
diagram.

Condenser 3
4 2
Comp.
LVHE
= Evaporator
5 = 1

Exp. device
Figure 1: VVapour compression cycle with LVHE.
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Figure 2: Pressure — Enthalpy diagram of vapour
compression cycle with LVHE
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Figure 3: Temp-Entropy diagram of vapour compression
cycle with LVHE.

3. Exergy Analysis

A mathematical computational model is developed for
performing exergy analysis of the system using EES
software [2].

For Exergy analyses following assumptions are made:

o Degree of subcooling of liquid refrigerant in Ivhe, AT
=5K.

o Isentropic efficiency of compressor ncomp =.9

Difference between evaporator and space temperature

T,—T.=16K

Effectiveness of liquid vapour heat exchanger, e = 0.7.

Evaporator temperature, Tevap = —40°C to 5°C.

Condenser temperature, Tcona = 45°C.

Mass flow rate of refrigerant, . ;= 1kgl/s

Surrounding temperature, T = 300K.

Pressure losses in pipelines are neglected.

Steady state operations are considered in all
components.

Table 1: Thermophysical Properties [14]

Molar Critical .
Refrigerants Formulae ODP | GWP Mass (g ’\é%: Pressure tggtlﬁl] Remarks
mol™* [MPa] P
_ Low GWP, but a little
HFO-1234yf CF5;CF =CH, 0 4 114.0416 243.7 3.382 367.85 flammable (with double bond)
_ Low GWP, but a little
HFO-1234ze CHF=CHCF; 0 6 114.0416 254.2 3.682 382.51 flammable (with double bond)
R-134a CHFCF, | 0 | 1430 102 | 24693 | 406 | 37406 | ChC-22alternative formobile
air conditioner
R-600a CaHio 0 3 5812 | 2614 | 3.66 40 | CFCalternative for domestic
refrigerator, flammable
R-290 CH:CHCH; | 0 | 3 441 | 2309 | 425 | 3698 Natural refrigerant, but
flammable
R-32 CHF, 0 | 675 | 520234 | 2215 | 5785 | 35126 Low GWP and high
performance, but flammable
near-azeotropic blend of R-32
R-410a CsF4H, 0 1730 114.04 221.64 4.9 344.43 32 and R-125
zeotropic hydrofluorocarbon
R-407c CH3CHF, 0 1530 66.05 229.37 4.6191 345.5 blend of R-32, R-125, and R-
134a

From first law of thermodynamics, COP represents
running cost of the system higher the COP, lower is the
running cost of the system. COP is defined as the ratio of
refrigerating effect to the work input required. COP is the
measure of effectiveness and performance of the cycle and
is given as,

cop=_&_ bk (1)
Wcomp h3-h2

Q. = Rate of heat transfer in evaporator (kW)

Weomp = Rate of work input to compressor (KW)

From second law of thermodynamic exergy analysis is
useful for improving the efficiency of energy resources
use, since it quantifies the locations, types and magnitude
of losses. Exergy analysis is a powerful tool in the design,
optimization, and performance evaluation of energy
system. It is defined as the maximum work obtainable in a
process as the system comes in equilibrium with the
surrounding.

First law is the law of conservation of energy or
quantitative law while second law is the law of
degradation of energy or qualitative law [1].

3.1 Exergy balance for a control volume undergoing

steady state process is expressed as
Ei+E=E.+W+ED )

where,

E; = Y|y m e, Physical exergy of the system entering the

control region (KW)

Ee = Youe €, Physical exergy of the system leaving the
control region (KW)

Above equation are valid by neglecting kinetic exergy and
potential exergy and chemical exergy of the component.
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E% = ¥ [Qk %], represents thermal exergy flow rate,

which gives exergy transfer rate corresponding to the heat
transfer rate Q when the temperature at the control surface
where heat transfer is occurring is T and the exergy
associated with work transfer to and from the control
region (KW), if the Kth component is condenser then
thermal exergy flow rate is zero because the temp
difference between the system boundary and the
immediate surrounding is zero.

e = (h—Tos) — (ho — Toso) (3)

e = Specific Exergy (kj/kg)

h = specific enthalpy (kj/kg)

s = specific entropy (kj/kg)

ED = Rate of exergy destruction in the component (kW)
W = Work rate of the system (kW)

.+ = mass flow rate of refrigerant (kg/s)

T, = Temperature of space to be cooled (K)

3.2 Exergy Destruction (ED) in the system components

° Evaporator,
. . . T -
EDEvap = E6 + Qe(l_ T_z) - El
. T
=0 (he_ hl)_ To Se~ Sl)]+ QE (1_ T_j) (4)

o Compressor, _ _
EDcomp = E2 + Weomp— Es = (T, (s3—s2)] )

. Condenger, . .
ED;=Ez—E4=. [ (hs—hs)—T, (s3-54)] (6)

e Liquid vapour heat exchanger,
EDyne = (E4 — E5y+ (Ey— Ey
= 1, [ (hy=hs)+ (h1=hy)—To [ (S4=S5)* (S152)] )
e Throttle Valve,
EDy = Es — Eg = 1hy (T, (S5-56)] (8)
3.3. Exergetic Efficiency (n eg
Exergetic efficiency is defined as the ratio of minimum

exergy required to do a given task to the actual exergy
consumed.

_ minimum exergy required to do a given task

NEe=

actual exergy consumed

Exergetic efficiency is also given by,

NEee =

. T
Qe (1- %) _ COPvcr
Wcomp COP rev

C)]
where,

COP,, = Coefficient of performance of reversible
refrigerator operating between temperature Toand T,
COPVCR = Coefficient of performance of actual vapour

compression cycle.

3.4. Total Exergy destruction

Total exergy destruction in the system is the sum of the
exergy destruction in different components of the system
and is given by:

EDtotaI = EDE + EDcomp+ EDC + EDIvhe + EDtv (10)
3.5. Exergy destruction ratio (EDR)

EDR is defined as the ratio of total exergy destruction in
the system to minimum exergy required in doing a given
task and is given by,

EDtotal
EDR = —¢—, also
E

E

_ COPrev ., _ 1

~ COPver - nexergetic

-1 (11)

4. Results and Discussion

Figure 4, depicts clearly the variation of COP with
evaporator temperature and following things can be
concluded, as we increase the temperature , pressure ratio
decreases, which directly reduces the compressor work
and finally increases the refrigerating capacity hence
leading to an increase in COP of system. It is seen from
the calculation that the highest COP is seen in case of R-
600a, followed by HFO-1234ze, R-134a, R-290, HFO-
1234yf, R-32, R-410a, R-407c. The COP of R-600a, HFO-
1234ze, R-134a, R-290, HFO-1234yf, R-32, R-410a is
16.33%, 13.87%, 13.25%, 10.47%, 7.58%, 5.71%, 1.39%
is higher than R-407c respectively at evaporator temp of
278Kk.

—e—R-410a
—a—R-407c
—a+—R-600a
—w—R-290

4f —vR32

—x R134a
—o—HFO-1234yf
—e—HFO-1234ze

233 238 243 248 253 258 263 268 273 278
Evaporator Temp[K]

Figure 4: shows the variation of COP vs evaporator temp

(k]
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—e—R-410a[EDR] — »-—R-410a[Exergetic efficiency]

—a—R-407c — . —R-407c
—a—R-600a — 4 —R-600a
»w—R-290 —»—R-290
—+—R32 —*—-R32
—=—R-134a —=-R-134a

—o—HFO-1234yf
—e—HFO-1234ze

— o —HFO-1234yf
—o-—HFO-1234ze

10.24

EDR
I
&

Exergetic efficiency

. {012

233 238 243 248 253 258 263 268 273 278
Evaporator temp [K]

Figure 5: shows the variation of EDR and exergetic
efficiency vs evaporator temp [K]

Figure 5 shows the variation Of Meyergeiic With evaporator
temperature. nexergetic first rises and then falls, there are two
possible factors for this phenomena to occur. First
parameter is thermal exergy flow in the evaporator i.e. Q |

(1—TT—(;) |, Refrigerating effect increases due to increase in

evaporator temperature, but the term | (171—2) | decreases

since T, approaches to T, and second factor is compressor
work which reduces with the increment in the evaporator
temperature i.e. the combined effect of Q. and Weomp 1S tO
increase the Mexergetic till it reaches the maximum value and
the evaporator temp at this efficiency is optimum
evaporator temperature, beyond which the combined effect
is to decrease the Mexergetic. Nexergeic O R-600a, R-32, R-
1344, is almost equal and is 14.28%, higher then HFO-
1234yf at lower end of evaporator temp i.e. 233K. Also
Nexergetic Of R-290, HFO-1234ze, R-410a is12.13%, 9.40%,
7.2% higher then HFO-1234yf at lower end of evaporator
temperature. Nexergetic OF R-407¢ and HFO-1234yf is almost
equal. Figure 5, also represents the variation of EDR with
evaporator temperature and it is opposite t0 Neergetic: From
the calculation it has been observed that EDR of HFO-
1234yf is highest, since EDR is reverse of Neyergetic, Ne€Nce
reverse is true.

100

—e—R-410a

90 —a—R-407¢c
—a—R-600a

80F —»—R-290
—v—R-32

70F —=—R-134a

—o—HFO-1234yf
—0o—HFO-1234ze

0~

50F

ED,

a0f
30F
20

10F

233 238 243 248 253 258 263 268 273 278
Evaporator Temp [K]

Figure 6: shows the variation of exergy destruction in
condenser vs evaporator temp [K].

Figure 6, depicts that Exergy destruction or irreversibility
in condenser is highest in case of R-32, and then it
decreases in the following manner for other refrigerants,

R-290, R-600a, R-410a, R-407c, R-134a, HFO-1234ze,
HFO-1234yf. Irreversibility is decreases as the evaporator
temperature increase. Refrigerant HFO-1234yf shows the
least irreversibility.

16

—e—R-410a
—n—R-407c

14} —a—R-600a
—~—R-290
—v—R-32
—=—R-134a
—o—HFO-1234yf
—o—HFO-1234ze |

233 238 243 248 253 258 263 268 273 278
Evaporator Temp [K]

Figure 7: shows the variation of exergy destruction in
compressor vs evaporator temp [K]

Figure 7, depicts that Irreversibility in compressor is
highest in case of R-290, R-600a, R-32, R-410a, R-407c,
R-134a, HFO-1234ze, HFO-1234yf. Irreversibility is
decreases as the evaporator temperature increase.
Refrigerant HFO-1234yf shows the least irreversibility.

30

—e—R-410a
—n—R-407c
—+—R-600a
——R-290
—v—R-32
—=—R-134a
——HFO-1234yf
—0o—HFO-1234ze
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EDe

12§

———
———— .
— .
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233 238 243 248 253 258 263 268 273 278
Evaporator Temp [K]

Figure 8: shows the variation of exergy destruction in
evaporator vs evaporator temp [K]

Figure 8, depicts that Irreversibility or lost work in
evaporator is maximum in R-32, R-290, R-600a, R-407c,
R-410a, R-134a, HFO-1234ze, HFO-1234yf.
Irreversibility is decreases as the evaporator temperature
increase. Refrigerant HFO-1234yf shows the least
irreversibility.

16 T

—se—R-410a
—n—R-407c
—a—R-600a
—»—R-290
—v—R-32
—=—R-134a
—o—HFO-1234yf
—o—HFO-1234ze

14
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10}

EDIvhe

233 238 243 248 253 258 263 268 273 278
Evaporator Temp [K]

Figure 9: shows the variation of exergy destruction in
LVHE vs evaporator temp [K]
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Figure 9, depicts that Irreversibility or lost work in LVHE
is highest for R-290, and decreases in the following
manner, R-600a, R-32, R-410a, HFO-1234ze, R-134a.
Also exergy destruction is least for refrigerant R-407c at
lower end of evaporator temperature and it is least for
HFO-1234yf at higher end of evaporator temperature.

Figure 10, depicts that Irreversibility or lost work in
throttling valve is highest for R-290, and decreases in the
following manner, R-290, R-600a, R-32, R-410a, R-134a,
HFO-1234ze. Also exergy destruction is least for
refrigerant HFO-1234yf at lower end of evaporator
temperature and it is least for R-407c at higher end of
evaporator temperature.

50
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Evaporator temp[K]

Figure 10: shows the variation of exergy destruction in
compressor vs evaporator temp [K]
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Figure 11: shows the variation of COP vs Effectiveness of
liquid vapour heat exchanger (g, Ivhe) (Te=273K,
Tc=318K)

—-s- —R-410a[EDR] —e—R-410a[Exergetic efficiency]
— »—R-407C —=—R-407c
— -+ —R-600a —a—R-600a
—»—R-290 —»—R-290
—*-R-32 —v—R32
—=-R-134a —=—R-134a
— o —HFO-1234yf —o—HFO-1234yf
— o —HFO-1234ze —o—HFO-1234ze
8 ‘ : : 0.18
0.16
>
o
o 5
e 0.145
w %
L
©
o
0.12 g
X
n}
4 0.1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Effectiveness of LVHE

Figure 12: shows the variation of EDR and exergetic
efficiency vs Effectiveness of liquid vapour heat
exchanger (e, Ivhe) (Te=273K, Tc=318K)

Figure 11-12, shows the effect of effectiveness of Ivhe on
COP, EDR and mexergetic: With increase in effectiveness of
LVHE, COP and mexergetic decreases because with increase
in effectiveness of lvhe degree of subcooling increases and
also superheating of suction vapour takes place i.e.
increase in compressor work whereas EDR increases for
all the refrigerants taken for the consideration. The effect
of increase in refrigerating effect is counteract by increase
in compressor work hence COP of system decreases. COP
of the system decreases by 20.09%, 16.47%, 15.25%,
17.27%, 18.70%, 16.81%, 17.93%, 16.28% for refrigerant
R-410a, R-407c, R-600a, R-290, R-32, R-134a, HFO-
1234yf, HFO-1234ze respectively. It is clearly shown that
COP decrease highest in case of R-410a. Similar trends
have been shown by Nexergetic CUrves.

— & —R-410a] Wgomp ]

—e—R-4108] Qyp ] o

—n—R-407c
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Figure 13: shows the variation of refrigerating effect and
compressor work vs evaporator temp [K]

Figure 13, depicts that as the evaporator temperature
increases refrigerating effect increases due to subcooling
and superheating in the LVHE and hence compressor work
decreases, finally COP of the system increases.
Compressor work is highest in case of R-290 at higher
evaporator temp and for R-32 at lower evaporator temp.
Compressor is least in case of HFO-1234yf and HFO-
1234ze, reverse is true for refrigerating effect.
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5. Conclusions

In the exergy analysis of eight eco-friendly refrigerant in a
vapour compression cycle incorporated with a liquid
vapour heat exchanger, following conclusion can be made
which are summarized below.

1. COP and Mexergetic Of:
a) R-600a is highest closely followed by HFO-1234ze.

b) HFO-1234yf and R-407c are least at lower evaporator
temp and at higher evaporator temp respectively.

c) The COP of R-600a, HFO-1234ze, R-134a, R-290,
HFO-1234yf, R-32, R-410a is 16.33%, 13.87%, 13.25%,
10.47%, 7.58%, 5.71%, 1.39% is higher than R-407c
respectively at evaporator temp of 278Kk.

2. From the exergy destruction viewpoint or irreversibility,
the worst component is condenser, followed by throttle
valve, evaporator, compressor and Ivhe is the most
efficient one. HFO-1234yf is the most efficient refrigerant,
since it shows least irreversibility or exergy destruction in
the entire component.

3. Refrigerating effect is least in case of HFO-1234yf and
highest in case of R-290. Reverse is true for compressor
work.

4. COP of R-410a, R-407c, R-600a, R-290, R-32, R-134a,
HFO-1234yf, HFO-1234ze decreased by 20.09%, 16.47%,
15.25%, 17.27%, 18.7%, 16.81%, 17.93%, 16.28%
respectively when effectiveness of Ivhe is increased from 0
to 1.

From above discussion it is clear that HFO-1234yf shows
eco-friendly characteristic i.e. least irreversibility in all the
component and moderate COP & MNexergetic- Similarly HFO-
1234ze shows promising result. Although R-600a has
highest COP, ultra low GWP, zero ODP, however exergy
destruction is found to be more for R-600 and R-290, R-
32. Although flammability issue is associated with these
refrigerants. Hence hydrofluoroolefins are the next
generation refrigerants.
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