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Abstract

In this paper, a comparative study is performed for the transcritical carbon dioxide refrigeration cycles with a
throttling valve and with an expander, based on the first and second laws of thermodynamics. The effects of
evaporating temperature and outlet temperature of gas cooler on the optimal heat rejection pressure, the
coefficients of performance (COP), the exergy losses, and the exergy efficiencies are investigated. In order to
identify the amounts and locations of irreversibility within the two cycles, exergy analysis is employed to study the
thermodynamics process in each component. It is found that in the throttling valve cycle, the largest exergy loss
occurs in the throttling valve, about 38% of the total cycle irreversibility. In the expander cycle, the irreversibility
mainly comes from the gas cooler and the compressor, approximately 38% and 35%, respectively. The COP and
exergy efficiency of the expander cycle are on average 33% and 30% higher than those of the throttling valve
cycle, respectively. It is also concluded that an optimal heat rejection pressure can be obtained for all the operating
conditions to maximize the COP. The analysis results are of significance to provide theoretical basis for
optimization design and operation control of the transcritical carbon dioxide cycle with an expander.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

With growing environmental concerns of global warming and ozone depletion, environmentally
benign natural refrigerants have attracted considerable attention. As one of the natural refrigerants,
carbon dioxide has many excellent advantages in engineering application, such as no toxicity,
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Nomenclature

h specific enthalpy (kJ/kg)

q specific refrigeration effect (kJ/kg)
s specific entropy (kJ/kg K)

t temperature (°C)

w actual specific work (kJ/kg)
COP  coefficient of performance
1 specific irreversibility (kJ/kg)
P pressure (bar)

T temperature (K)

Greek symbol

i exergy efficiency
Subscripts

c gas cooler

com  compressor

e evaporator

exp expander

h adiabatic

i component

1 loss

0 environment

opt optimal

r cold room

rev reversible cycle

s isentropic

tot total

v valve

no inflammability, high volumetric capacity with a possibility to make a system compact, lower pressure
ratio, better heat transfer properties, complete compatibility with normal lubricants, easy availability,
lower price and no recycling problem [1,2]. However, since the critical temperature of carbon dioxide
(31.1 °C) is usually lower than the typical value of the heat rejection temperature of air-conditioning
and heat pump systems [3], the transcritical vapor compression cycle instead of the conventional
vapor compression cycle is applicable for carbon dioxide for water heating and comfort cooling and
heating [4].

Among other studies, [4—6] discussed the use of carbon dioxide in automobile air conditioners, heat
pump water heaters and environmental control units, respectively. Also, many researches have been
working on the theoretical analysis of transcritical CO, cycles. Kauf [7] presented a graphical method
and a simulation model to find the optimal heat rejection pressure for the maximum coefficients of
performance (COP). Liao et al. [3] developed a correlation of the optimal heat rejection pressure in terms
of appropriate parameters. Brown et al. [8] and Hwang [9] analyzed the performance of the trancritical
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carbon dioxide cycles. All the above studies indicate that due to a larger energy loss in the throttling
valve, the system efficiency of the trancritical carbon dioxide cycles is very low and the total global
warming impact is therefore relatively high. Robinson and Groll [10] developed two thermodynamic
models for the transcritical carbon dioxide cycles with and without an expansion turbine, respectively.
The first and second law efficiencies of the two cycles were compared with those of conventional HCFC-
22 cycles. It was found that the application of an expansion turbine in place of the throttling valve can
reduce the total irreversibility by 35%, and hence increase the system COP over 25%. Zha [11] presented
that when the expander isentropic efficiency is greater than 11%, the cycle performance with an
expander is better than the cycle with an internal exchanger. Meanwhile, various expander prototypes
have been developed for the experimental test.

From the viewpoint of the first law, COP is a typical criterion to evaluate the refrigeration system.
However, according to the second law point of view, exergy analysis is also usually applied. Based on
exergy analysis, Yumrutas [12] developed a computational model to investigate an ammonia vapor
compression refrigeration system. Chen and Prasad [13] employed both COP and exergy loss to analyze
HFC134a and CFC12 vapor compression refrigeration cycles. In reality, the exergy analysis has become
an important method in the study of refrigeration and heat pump systems [14—17], but it is hardly
employed to evaluate the performance of transcritical carbon dioxide cycle. In this paper, a comparative
study is performed for the transcritical carbon dioxide refrigeration cycles with a throttling valve and
with an expander, based on the first and second laws of thermodynamics. Effects of evaporating
temperature and outlet temperature of gas cooler on the COP, exergy loss, and exergy efficiency are also
investigated.

2. Background

A typical transcritical carbon dioxide refrigeration cycle consists of a compressor, a gas cooler, an
evaporator and an expansion device, which in this study is either a throttling valve or an expander.
The working fluid from suction line at state 1 enters the compressor. The high-pressure vapor leaves the
compressor at state 2 and enters the gas cooler. At state 3, the cooled CO, refrigerant enters the
expansion device (the expander in this case), and then expands to the evaporator pressure at state 4. After
absorbing heat from the cold space in the evaporator, the refrigerant re-enters the compressor at state 1.
The schematic diagram is shown in Fig. 1 and the corresponding 7—s (temperature—entropy) diagram is

Gas cooler
— VWV
2
Expander compressor
@
Evaporator
4 1

Fig. 1. Schematic diagram of transcritical CO, cycle with an expander.
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T A

Fig. 2. T-s diagram of the transcritical CO, cycles.

illustrated in Fig. 2. In the 7—s diagram, the line 1-2,—3—-4 1 shows the ideal refrigeration cycle with an
expander, the 1-2-3—4—1 represents the actual refrigeration cycle with an expander and the 1-2-3-4,-1
shows the actual refrigeration cycle with a throttling valve.

The coefficient of performance (COP,) of transcritical CO, cycle with a throttling valve is defined as

cop, = 4v — (hy — hap) 1

wy (= hy)
where g, represents the specific refrigeration effect, w,, the specific compression work, and /iy, hy, hyy,
denote the specific enthalpies of CO, at the corresponding points, respectively, as shown in Fig. 2.
The coefficient of performance (COP,,,) of transcritical CO, cycle with an expander is defined as
(hy — hy)

Gexp
COP,,, = = )
P Wexp (hZ - hl) - (h3 - h4)

where g, represents the specific refrigeration effect, weyp, the specific compression work, and hy, h, hs,

hy4 denote the specific enthalpies of CO, at the corresponding points, respectively, as shown in Fig. 2.
The exergy efficiency for the transcritical CO, refrigeration cycle can be defined as the ratio of the

minimum work requirement to the actual work input [12]

Wrey — Wrey — Wi

1 =24 3
w Weey T W w 3)

n:

where w,., and w are the work inputs to a reversible and an actual refrigeration cycle, respectively, and
wy is the lost work or the total exergy loss.

3. Exergy analysis

In reality, the refrigeration cycle includes various irreversible processes. Exergy or availability of a
system at given state represents its maximum work potential. Therefore, the exergy loss provides a very
important criterion to evaluate the thermodynamic performance of a system [13]. By analyzing the
irreversibility of the system, it can be known how the actual cycle departures from the ideal cycle.
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Exergy analysis is usually aimed to determine the maximum performance of the system and identify the
locations of exergy destruction and to show the direction for potential improvements [12].

The exergy loss is calculated by making exergy balance for each component of the system. In
the following, the exergy loss analysis for the actual transcritical CO, cycles with a throttling valve
(1-2-3-4,~1) and with an expander (1-2-3-4-1) will be presented. The assumptions in the study
are given as follows:

(1) Steady state operation,

(2) Negligible pressure drop,

(3) Adiabatic compressor and expander,
(4) Saturated state at the evaporator outlet.

3.1. Exergy loss analysis for throttling valve cycle

Exergy loss computation equations for compressor, gas cooler, throttling valve and evaporator are as
follows

Lycom = To(s2 —s1) 4)
Lye = hy — hy — To(sy — 53) &)
Ly = To(S4n — 83) (6)
Le = To(s1 — sap) + (hyy, — hy) XTJT, (7
Lyor = Lycom + Ive + Iy + e (8)

3.2. Exergy loss analysis for expander cycle

Exergy loss equations for compressor, gas cooler, expander and evaporator are given as follows

Leom = To(s2 — 51) 9)
Io = hy — hy — T(s2 — 83) (10)
Leyp = To(s4 — $3) (11)
I, = T,(sy —84) + (hy — hy) XTJT, (12)
Lot = Leom 1 + 1oy + 1, (13)

The percentage of the exergy loss in each component can be calculated and expressed as the ratio of the
partial exergy loss to the total exergy loss.
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3.3. Parameters determination and assumption

The transcritical CO, cycles are simulated within a wide range of operation conditions. The
assumptions are given as follows:

(1) The isentropic efficiency of the compressor and expander are taken to be 75 and 65% [11],
respectively,

(2) The outlet temperature of gas cooler: 32 °C <3 <50 °C,

(3) The evaporating temperature: — 25 °C <7, <20 °C,

(4) The environment temperature: 7,=303 K,

(5) The refrigerated object temperature: —20 °C <T7,<25 °C.

Based on the above analysis, a steady state simulation program for the transcritical CO, cycles using
EES software [18] is developed.

4. Results and discussion
4.1. Optimal heat rejection pressures

The presented studies [3,7,10] indicate that an optimal heat rejection pressure exists in carbon dioxide
throttling valve and expander cycle, and consequently a maximum COP can be obtained for the given
conditions. Fig. 3 gives the optimal heat rejection pressures of the two cycles versus evaporation
temperature for the outlet temperature of the gas cooler r3=40 °C. It is seen that the optimal heat
rejection pressure is decreased with the increase of evaporating temperature. Fig. 4 gives the relationship
between the optimal heat rejection pressures of the two cycles and the outlet temperature of the gas
cooler for evaporation temperature ¢,=5 °C. The optimal heat rejection pressure is increased nearly
linearly with the outlet temperature of the gas cooler. From Figs. 3 and 4, it also can be found that the
throttling valve cycle has the higher optimal heat rejection pressures.

M"M5s——m————F—F——F——7T T
—~ throttling valve cycle|
110+ —o0— expander cycle N
S 105} -
2
o
o 100 .
1 M
90 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L 1 1 1

30 25 -20 15 10 -5 O 5 10 15 20
Evaporating temperature t, (°C)

Fig. 3. Optimal heat rejection pressures versus evaporating temperature.
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Fig. 4. Optimal heat rejection pressures versus the outlet temperature of the gas cooler.

4.2. Effects of evaporating temperature on the performance of the two cycles

Fig. 5 presents the COP value of the two cycles versus the evaporating temperature for the outlet
temperature of the gas cooler ;=40 °C and at the optimal heat rejection pressure. The COP value of the
expander cycle is on average 34% higher than that of the throttling valve cycle.

Fig. 6 shows the percentage of exergy loss in each component of the transcritical CO, cycle with a
throttling valve corresponding to various evaporating temperature for the outlet temperature of the gas
cooler 13 =40 °C and at the optimal heat rejection pressure. It is found that the largest exergy loss occurs
in the throttling valve, about 38% of the total exergy loss. The exergy losses of gas cooler and
compressor are in the second and the third place, about 32 and 25%, respectively. The evaporator
accounts for about 5% of the cycle total exergy loss. Fig. 7 shows the percentage of exergy loss in each
component of the transcritical CO, cycle with an expander at various evaporating temperature for the
outlet temperature of the gas cooler 13 =40 °C and at the optimal heat rejection pressure. The gas cooler

—o— expander cycle

L —— throttling valve cycle

-30 25 -20 15 10 -5 0 5 10 15 20
Evaporating temperature t, (°C)

Fig. 5. Two cycles COP versus evaporating temperature.
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Fig. 6. Component exergy loss as percentage of throttling valve cycle loss versus .

and the compressor account for approximately 40 and 34% of the total cycle irreversibility, respectively.
The percentage of exergy loss in the expander is only about 19%, almost 50% of the throttling valve
exergy loss. The evaporator accounts for about 7% of the cycle total exergy loss. As shown in Figs. 6
and 7, the exergy loss percentage of each component in the two cycles changes slightly with the
evaporating temperature.

Fig. 8 shows exergy efficiencies of the two cycles for different evaporating temperatures. The exergy
efficiency of the carbon dioxide expander cycle is on average 34% higher than that of the throttling valve
cycle. Therefore, it is also clear that the application of an expander can effectively recover work and
while transfer it to the compressor, and as a result greatly improve the system efficiency. In addition, it is
found that the two cycles’ exergy efficiencies are decreased and tend to close with increasing
evaporating temperature.

In order to detect the absolute irreversibility in each component of the two cycles, Figs. 9 and 10 indicate
their change trends with the evaporating temperature. It can be seen that all the exergy losses in the system
components drop with the increasing evaporating temperature. And the legends in Figs. 9 and 10 show
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-30 -25 -20 15 10 -5 O 5 10 15 20
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Exergy loss percentage

Fig. 7. Component exergy loss as percentage of expander cycle loss versus f..
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Fig. 8. Exergy efficiencies of the two cycles versus evaporating temperature.
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Fig. 11. Two cycles COP versus the outlet temperature of the gas cooler.

the descending order of their exergy losses. In addition, the component irreversibility in the throttling
valve cycle is greater than that of the corresponding component in the expander cycle except for the
evaporator.

4.3. Effects of the outlet temperature of the gas cooler t;

Fig. 11 presents COP values of the two cycles versus the outlet temperature of the gas cooler for
evaporating temperature f.=35 °C and at the optimal heat rejection pressure. It can be seen that the COP
value of the expander cycle is on average 32% higher than that of the throttling valve cycle.

Fig. 12 shows the effect of the outlet temperature of the gas cooler for t.=35 °C on the exergy loss
percentage of each component for the throttling valve cycle. It is found that the exergy loss percentage of
the throttling valve varies slightly with #3, on average about 38% of the total cycle irreversibility. The
exergy loss percentage of the gas cooler is increased significantly, from 20 to 36.7%. The exergy loss
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Fig. 12. Component exergy loss as percentage of throttling valve cycle loss versus 73.
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Fig. 13. Component exergy loss as percentage of expander cycle loss versus 3.

percentage of the compressor drops from 31.1 to 22.7% and that in the evaporator is decreased from 9.6
to 3.4% with the increase of 3. Fig. 13 shows the percentage of exergy loss in each component of
expander cycle versus the outlet temperature of the gas cooler for evaporating temperature ¢, =5 °C. As
can be seen from Fig. 13, the irreversibility losses in the gas cooler and the compressor change greatly in
the reverse trend, with the former rising from 24.4 to 45.3% and the latter dropping from 42.4 to 31%.
The expander produces the second lowest percentage of cycle exergy loss, varying slightly from 19.7 to
18.7% with the increase in #3. The evaporator accounts for about 8% of the cycle total exergy loss.

The exergy efficiencies of the two cycles at different outlet temperature of the gas cooler are shown in
Fig. 14. The exergy efficiency of the carbon dioxide expander cycle is on average 32% higher than that of
the throttling valve cycle. In addition, the two cycles’ exergy efficiencies are decreased with the increase
in outlet temperature of the gas cooler.

The analysis presented in Figs. 9 and 10 is repeated in Figs. 15 and 16 by varying the outlet
temperature of the gas cooler. The exergy loss in each component except the evaporator increases with
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Fig. 14. Exergy efficiencies of the two cycles versus the outlet temperature of the gas cooler.
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Fig. 15. Component exergy loss of throttling valve cycle versus 3.

the increasing outlet temperature of the gas cooler. In the two figures, when 5 is lower, the exergy loss in
the compressor is greater than that in the gas cooler. When #; is higher, the descending order of
component exergy loss can be seen from the legends in the two figures. Also, the component
irreversibility in the throttling valve cycle is greater than that of the corresponding component in the
expander cycle except for the evaporator.

In Table 1, a comparison of exergy loss in the two cycles at given t,=5 °C and t3=40 °C is shown.
It can be seen that the total exergy loss in the expander cycle is smaller than that in the throttling valve
cycle with the difference of 11.475 kJ/kg. Among this, there is about 9.457 kJ/kg decrement in the
expansion process, 1.62 and 0.423 kJ/kg reduction in the gas cooler and the compressor, respectively,
and there is also 0.025 kJ/kg increment in the evaporator. It is obvious that almost 82.4% of the total
exergy loss decrement comes from the expansion process by replacing the throttling valve with the
expander. The distribution of the exergy loss in the system components reveals the influence of the
irreversibility of each component on the overall system efficiency.

20 T T T T T T T T T T T T T T T T T
| —O— gas cooler
—0o— compressor
16 - —A— expander
—x— evaporator

10

Specific exergy loss (kJ/kg)

M
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Outlet temperature of the gas cooler t; (°C)

Fig. 16. Component exergy loss of expander cycle versus #;.
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Table 1

Exergy loss of two cycles for £.=5 °C and =40 °C

Component Exergy loss of expander cycle (kJ/kg) Exergy loss of throttling valve cycle (kJ/kg)
Compressor 9.827 10.25

Gas cooler 10.85 12.47

Expansion device 5.233 14.69

Evaporator 2.178 2.153

Total exergy loss 28.088 39.563

5. Conclusions

A comparative study based on the first and second laws of thermodynamics is performed for the
transcritical carbon dioxide refrigeration cycles with a throttling valve and with an expander. The
conclusions are given as follows.

(1) At given conditions, the throttling valve cycle has the higher optimal heat rejection pressure
compared to the expander cycle.

(2) In the transcritical carbon dioxide refrigeration cycles with a throttling valve and with an expander,
the evaporating temperature and the outlet temperature of the gas cooler have different influences on
the optimal heat rejection pressure, the COP, the exergy losses, and the exergy efficiencies.

(3) In the throttling valve cycle, the largest exergy loss arises in the throttling valve. With the
application of the expander, the irreversibility loss of the expansion process is reduced almost by
50%, and as a result the exergy efficiency can be increased greatly. Therefore, a high efficiency
expander is very important to improve the performance of the transcritical CO, cycle.

(4) In the expander cycle, the main exergy losses occur in the gas cooler and the compressor. Therefore,
the optimization in the gas cooler structure and improvement in the compressor efficiency are
indispensable.
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