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In the transcritical carbon dioxide vapor compression cycle heat is
rejected in a gas cooler at supercritical pressure. At supercritical heat
rejection the refrigerant temperature and pressure are independent on
each other and one of the most important parameters affect on cycle
performance is the pressure on the heat rejection side called the high
pressure.

A theoretical analysis shows the effect of high pressure, superheat,
evaporator and gas cooler exit temperature, and gas cooler exit
temperature approach on performance of a transcritical carbon dioxide
vapor compression cycle was investigated in this study.

The study defines an optimal high pressure which gives a maximum
coefficient of performance and suggests that the cycle should operate at
or near its optimal high pressure in order to keep its maximum coefficient
of performance. The high pressure will also affect the cooling capacity
and this effect can be used for boosting capacity at high ambient
temperatures.

The effect of gas cooler exit temperature and compressor inlet
temperature on the optimal high pressure also was investigated.

The study shows that the optimum high pressure is mainly a function of
gas cooler exit temperature and compressor inlet temperature, while the
value of the maximum coefficient of performance is dependent on the gas
cooler exit and evaporating temperature. The study also indicates that the
superheat of the gas at compressor inlet will have a positive effect on the
coefficient of performance when operating with high heat rejection
pressure at high ambient temperatures with high evaporating
temperatures.

KEYWORDS: Carbon dioxide, transcritical cycle, cycle performance,
natural refrigerant.

1. INTRODUCTION

Around the end of the 19" century, carbon dioxide (CO, — R744) was already
employed as a refrigerant. However, when synthetic chlorofluorocarbons (CFCs) and
117
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Hydro chlorofluorocarbons (HCFCs) refrigerants came into use, CO, use as a
refrigerant began its decline. Due to ozone depletion potential (ODP) of CFCs and
HCFCs refrigerants, the Montreal Protocol (1987) and its amendments have put in
place a timetable to phase out the production of these refrigerants. As a result,
hydrofluorocarbons (HFCs) have been introduced as alternative refrigerants due to
their zero ODP. The HFCs refrigerants that were once expected to be acceptable
permanent replacement refrigerants are now on the list of regulated substances because
they have relatively large global warming potential (GWP) compared with natural
fluids. This negative impact on global environment has led to an increased interest in
natural fluids as refrigerants with CO, receiving a significant consideration as a
possible alternative refrigerant [1-4].

CO, has very low environmental impact with zero ODP and negligible GWP.
Against its poor thermodynamic properties with reference to the energy efficiency of a
traditional vapor compression cycle, CO, has excellent transport properties and very
good properties related to heat transfer. Moreover, it is non toxic, non flammable,
compatible with the most common materials and oils used in the refrigeration
technology, and cheap. During the last few years there have been many studies, which
show that the coefficient of performance (COP) of a real CO, cycle is higher than that
of cycles using conventional working fluids [5-9]. CO, is seen today as one of the most
promising refrigerants from ecological and economical aspects. It has been re-
introduced as a refrigerant in many applications. Such applications include mobile and
residential air conditioning systems and heat pump systems for dairy applications. In
the later system simultaneous cooling at 4 °C and heating at 73 °C are required [7].

The thermodynamic properties and characteristics of CO, are quite different
from those of refrigerants used in conventional vapor compression cycles. Its
application is limited by its critical parameters (critical temperature, T, = 31.1 °C and
critical pressure, P, = 7.38 MPa). The possibility to use CO, beyond these limits in
high temperature processes is given by the application of a transcritical process. In the
transcritical process, the heat rejection pressure, often cited as the high pressure, is
about 7.4-12.0 MPa and the absorbing heat pressure is about 2.0-6.0 MPa. The system
will then use a transcritical cycle that operates partly below and partly above the
critical pressure. The pressure level in the system will be quite high, a benefit of high
pressure is the 80-90 % smaller compressor displacement needed for a given capacity.
Compressor pressure ratios are low, thus giving favorable conditions for high
compressor efficiency [10]. At supercritical pressure, the refrigerant temperature glide
during heat rejection is large. The heat transfer from the refrigerant takes place by
cooling the compressed gas and no condensation happens. The heat rejecting heat
exchanger is then called gas cooler instead of condenser. Gliding temperature can be
useful in heat pumps for heating water or air. With proper heat exchanger design the
refrigerant can be cooled to a few degrees above the entering coolant (air, water)
temperature, and this contributes to high COP of the system [11].

Sarkar et al. [7] performed a comparative performance characteristic of four
natural refrigerants, CO,, ammonia, propane and isobutane for subcritical/transcritical
high temperature heat pump applications. Rozhentsev and Wang [12 ] made a cycle
analysis of a CO, air conditioner and showed that the effect of internal superheating
caused by the compressor motor on the system COP is very small while the compressor
efficiency and gas cooler temperature approach have a significant effect. Huff et al.
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[13] studied three different variations of a two-stage transcritical CO, vapor
compression cycles using simplified modeling assumptions. All two-stage systems
investigated show significant potential for performance improvement. Yang et al. [9]
investigated three different variations of a transcritical CO, two-stage compression
cycles. Yitai et al. [14] discussed the application of CO, transcritical cycle heat pump
drying system and analyzes the influence of evaporation temperature, superheat of
compressor inlet and outlet temperature of the gas cooler on the drying system
performance. Jiangping et al. [15] introduced a development of CO, automotive air
conditioning (AAC) system. CO, refrigeration cycle was optimized based on the
characteristics of CO, transcritical cycle. They developed a domestic CO, system
prototype and test bench. The result was acceptable and CO, AAC prototype presented
good refrigerant performance in the test.

The performance of CO, system in transcritical cycle will not be exactly the
same as the conventional subcritical systems. Hence, simulation models developed for
the conventional subcritical systems cannot be employed for this system. Therefore,
there is still need for more system simulation studies as experimental performance
evaluation is difficult, face a lot of problems, and expensive.

In this study a theoretical cycle analysis showing the effect of high pressure,
superheat, evaporating and gas cooler exit temperature, and gas cooler exit temperature
approach on the cycle performance was investigated.

NOMENCLATURE
CFCs chlorofluorocarbons HFCs hydrofluorocarbons
COP coefficient of performance ODP ozone depletion potential
CO, (R744) carbon dioxide P pressure, MPa
GWP global warming potential S specific entropy, kJ/kg.K
h specific enthalpy, kJ/kg T temperature, °C
HCFCs hydrochlorofluorocarbons w specific work, kJ/kg
Greek
n efficiency
Subscripts
a actual Gc gas cooler
amb ambient Is isentropic
app approach temperature opt Optimum
c critical sup Superheat
e evaporator 1,....,4 cycle points
hp high pressure

2. CYCLE ANALYSIS AND SIMULATION

Consider a simple transcritical CO, system including a compressor, a gas
cooler, athrottling valve, and an evaporator as shown in Fig. 1-a. The corresponding
pressure-specific enthalpy (p-h) diagram (see Fig. 1-b) indicates that such transcritical
CO, cycle consists of compression process (1-2a) with an isentropic efficiency
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1, » an isobaric heat rejection process (2a-3), a constant enthalpy expansion process
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Fig. 1. Schematic of a transcritical CO, cycle (a) and pressure enthalpy diagram (b).

(3-4), and an isobaric evaporation process (4-1). By using the numbers in Fig. 1, a
steady state energy balance for each cycle component is presumed and analysis of the
cycle performance is described as follows:

A specific cooling effect, q,

9. = (hl - h4) (1)
A specific heat load of the gas cooler, g, :

qgc = (hZa _h3) (2)
Actual work of the compressor, w, :

Wa:(hZa_ n): ( is hl)/nls (3)

The coefficient of performance (COP) of this cycle is defined as:

— &_ (hl_h4)77is

Where hy, hy,, hs, and h, denote the specific enthalpies of CO, at the
corresponding points shown in Fig. 1, and 7, represents the isentropic compression
efficiency. The thermodynamic properties of CO, for the cycle performance analysis

have been calculated by REFPROP 7 software [16] that use equation of state from
reference [17]. A simulation computer program has been used for the cycle analysis.

(4)
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As can be seen from the 35 °C isotherm of the CO, cycle diagram of Fig. 1-b,
the change of enthalpy is less pronounced at lower and higher pressures. Thus, the
COP peaks at a specific high pressure called optimum high pressure (Pgp).
Furthermore, as illustrated from the isotherms (35 °C and 63 °C) of Fig. 1-b, change
of enthalpy is comparatively less for a further increase of ambient temperature. As a
result, one can expect the maximum value of COP to be less pronounced as the
ambient temperature is increased further.

In Figs. 2 and 3, the CO, transcritical cycle is shown in a pressure enthalpy and
a temperature-entropy (T-s) diagrams for three different high pressures 8, 9.3 and 10.5
MPa. For the three cycles the evaporating temperature is 10 °C with 5 C superheat,
ambient temperature of 35 °C and 3 C approach temperature difference between gas
cooler refrigerant outlet and coolant inlet temperature. It is seen that the required
compression work increases with increasing high pressure. It is also noted from Fig. 2
that as the high pressure is increased, the cooling effect is increased with large rate for
lower high pressures but increased with relatively lower rate when the high
pressure reaches a certain value and this is due to the shape of the isotherm.
Moreover, it is evident that there is an optimal high pressure which gives a
maximum COP. This result suggests that it is desirable that a transcritical CO,
system should operate at or near its optimal high pressure to keep its maximum
COP.

In the numerical example shown in Figs. 2 and 3, the optimum high pressure is
9.3 MPa which will give the highest cooling COP at these conditions. The pressure
enthalpy diagram shows that going from 8 to 9.3 MPa dramatically increases the
specific cooling capacity with only moderate increase in the compressor specific work.
While going from 9.3 to 10.5 MPa, the compressor work increases more than the
cooling capacity.

3. RESULTS AND DISCUSSION

3.1. Effect Of The High Pressure

In Fig. 4 the cooling COP is shown as a function of the high pressure for

ambient temperatures ranging from +25 °C to +50 °C (the gas cooler exit temperatures
ranging from +28 °C to +53 °C). The evaporating temperature is +10 °C with 5 C
superheat, 75% constant compressor isentropic efficiency, and 3 C gas cooler exit
temperature approach. Pressure drop is neglected to simplify the presentation.
Several conclusions can be drawn from Fig. 4. First, when the air inlet temperature
(ambient temperature) entering the gas cooler increases the CO, exit temperature also
increases so the high pressure needs to be increased in order to maximize cycle COP in
transcritical operation. This maximum COP decreases as the ambient temperature
increases. This shows that it is the CO, exit temperature from the gas cooler that
determines the optimum high pressure (in addition to the compressor inlet
temperature). Second, the COP curve tends to be flatter when the ambient temperature is
higher. And third, the COP curve is not symmetric along the pressure axis. At lower
ambient temperatures, the COP drops more steeply on the low-pressure values than on
the high-pressure values. So, accurate high pressure control is more important for
maximizing COP on cold days than for the case of hotter days.
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Fig. 2. Transcritical CO, cycle at three different high pressures 8, 9.3 and 10.5 MPa in
a pressure-enthalpy diagram. Evaporating temperature +10 °C, 5 C superheat
and 38 °C gas cooler exit temperature.
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Fig. 4. Cooling Coefficient of performance (COP) at varying high pressure at ambient
temperature ranging from +25 °C to +50 °C, gas cooler exit temperature
approach of 3 C and 75% compressor isentropic efficiency.

At low ambient temperatures, the CO, gas cooler exit temperature can be
below the critical temperature. The optimum high pressure is then in most cases the
saturation pressure. For example, at ambient temperature T, = 25 °C and the gas
cooler exit temperature approach is 3 C, CO, gas cooler exit temperature is 28 °C, the
optimum high pressure is 6.9 MPa which is the saturation pressure at 28 °C. Only with
gas cooler exit temperatures very close to critical temperature it will be advantageous
to raise the pressure above the saturation pressure.

The maximum COP and corresponding high pressure are plotted for each
ambient temperature in Fig. 5. If diagrams like the ones in Fig. 5 are made for various
evaporating temperatures with varying degree of superheat, the combined diagrams
shown in Fig. 6 result, which shows how the optimum high pressure is lowered when
the evaporating temperature and superheat increases.

In Figs. 6 and 7, the optimum high pressure curves and the corresponding
maximum COP are plotted for —10, 0, +10, and +20 °C evaporating temperature
without superheating. In addition, the curves for +10 °C evaporating temperature with
10 C superheat and +20 °C evaporating temperature with 20 C superheat are included.
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Fig. 7. Maximum cooling COP for varying evaporating temperature and compressor
inlet superheat with 3 C gas cooler temperature approach and 75% compressor
efficiency.

Fig. 6 shows how the optimum high pressure decreases with increasing
evaporating temperature. It also indicates how superheat further decreases the optimum
high pressure. At +10 °C evaporating temperature and 10 C superheat, the optimum
high pressure is lower than that at +10 °C with no superheat. Fig. 7 shows that the
value of the maximum COP is in most cases determined only by the evaporating
temperature (in addition to the gas cooler exit temperature). Only at +20 °C
evaporating temperature, a significant improvement of maximum COP can be obtained
by introducing superheat.

The positive effect of superheat from Fig. 7 is generally true in cases with high
ambient temperature and high evaporating temperature, which prevails in air-
conditioning units. At low ambient temperatures, or sub-critical condensation, the
superheat has a negative effect on the COP. The reason for this is that below a certain
CO, gas cooler exit temperature, the relative increase in specific work is larger than the
relative increase in specific cooling effect.

The gas cooler temperature approach was assumed to be constant for each high
pressure and ambient temperature. In a real system the gas cooler approach
temperature for a given heat exchanger will be higher at low high pressure due to the
thermophysical properties of CO,, pushing the optimum high pressure up at low
ambient temperatures giving a less linear behavior in this region. The corresponding
maximum COP will decrease compared to the curve in Fig. 5. At high ambient
temperatures, where the optimum high pressure is high, the isentropic compressor
efficiency will in many cases drop due to higher pressure ratios thus reducing the
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optimum high pressure at high ambient temperatures due to increased compressor
work. In this analysis the compressor isentropic efficiency is assumed to be constant.

Another observation from Fig. 6 is that the optimum high pressure for +10 °C
evaporating temperature with 10 C superheat almost overlaps the curve for +20 °C
evaporating temperature without superheat. This shows that it is the compressor inlet
(evaporating temperature and superheat) temperature that determines the optimum high
pressure (in addition to the gas cooler exit temperature) as long as the compressor inlet
superheat leads to increased specific cooling capacity, for instance by using an internal
suction line heat exchanger. This is illustrated in Fig. 8 where three cycles having
almost equal optimum high pressure are shown (9.2, 9.3, and 9.4 MPa). The actual
value for the corresponding maximum COP is determined by the saturation
temperature at the evaporator outlet with decreasing maximum COP for decreasing
evaporating temperature. The maximum COP values are 4.68, 3.23, and 2.35
respectively.

3.2. Effect Of Gas Cooler Exit Temperature Approach On The COP

Finally the effect of the gas cooler approach temperature on the COP will be
discussed. In the analysis a temperature approach of 3 C between the inlet coolant
temperature (water or air) and outlet CO, temperature has been used. This is a realistic
value for a well designed gas cooler operating at design point conditions. In Fig. 9 the
effect on COP for approach temperatures ranging from 2 to 10 C is shown. The
diagram is for ambient temperature +35 °C with evaporating temperature +10°C, 5 C
superheat and 75% compressor isentropic efficiency. Considerable drops of COP are
observed with the increase of approach temperatures. From Fig. 9, the maximum COP
for larger approach temperatures has been shifted to higher value of high pressure. The
diagram shows how the optimum high pressure increases from 9.0 to 11.3 MPa while
the maximum COP is reduced from 3.37 to 2.27 (-33%) for change of approach
temperature from 2 C to 10 C.

In addition to the influence on COP, the high pressure will also affect the
cooling capacity. As shown from Fig. 10 there is an optimum high pressure that gives a
maximum cooling capacity. The symbols in Fig. 10 show the maximum cooling
capacity values for each ambient temperature. The cooling capacity reaches the
maximum value at a higher high pressure than the maximum COP. Increasing the high
pressure will increase the cooling capacity at each ambient temperature and this effect
can be used for boosting capacity at high ambient temperatures, as illustrated in Fig. 10
where the cooling capacity in watts. The diagram is for 10 °C evaporating temperature
with 5 C superheat and 3 C gas cooler temperature approach. The compressor inlet
volume flow rate is 50 ccm/s with a linear drop in volumetric efficiency from 80% to
50% at pressure ratio between discharge and suction pressure of 1.5 and 4.0.

4. CONCLUSION
A theoretical thermodynamic cycle simulation of transcritical carbon dioxide
(CO,) vapor compression cycle has been presented in this study. Operating efficiency
in terms of cooling coefficient of performance (COP) for a residential air conditioning
application with moderate to high evaporating temperatures has been discussed. The
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effect of high pressure at different ambient temperature and at different gas cooler
temperatures approach on COP is discussed. The effect of superheat to the compressor
inlet is also discussed.

The study shows that for a transcritical CO, cycle there is an optimal high
pressure which gives a maximum COP and suggests that the cycle should operate at or
near its optimum high pressure for maximizing cycle COP. The analysis reveals that the
values of the optimal high pressure mainly depend on the outlet temperature of the
gas cooler, and the compressor inlet temperature, while the COP values depend on gas
cooler exit temperature and evaporating temperature. The results show that as the
high pressure varies, both COP and refrigeration effect of the cycle will change.

Superheat of the gas at compressor inlet, either being superheated evaporator
outlet controlled by a thermostatic expansion valve or as a result of a suction line heat
exchanger, will have a positive effect on the COP when operating with high heat
rejection pressure at high ambient temperatures with high evaporating temperatures.

REFERENCES

1. Cecchinato, L., Corradi, M., Fornasieri, E., and Zamboni, L. “Carbon dioxide as
refrigerant for tap water heat pumps: A comparison with the traditional solution”, 1.
J. Refrigeration, 28, 1250-1258, 2005.

2. Brown, J. S., and Domanski P. A., “Semi-theoretical simulation model for a

transcritical carbon dioxide model A/C system”, SAE 2000 World Congress
Proceeding, Society of Automotive Engineers, Inc. (ASE). SAE Technical paper



THEORETICAL ANALYSIS OF TRANSCRITICAL... 129

10

11.

12.

13.

14.

15.

16.

series 2000-01-0985, March 6-9, 2000, Detroit, MI, Society of Automotive
Engineers, Inc., Warrendale, PA, pp 1 -11, 2000.

. Kim, M., Pettersen, J., Bullard, C.W. “Fundamental process and system design

issues in CO, vapor compression systems”, Progress in Energy and Combustion
Science 30, 119-174, 2004.

. Abdel-Rahim, Y. M. “Generalized A/C and H/P transcritical R744 compressor

performance in wet and dry regions”, Proceeding of 2004 Solar conference, July
11- 14, Portland, Oregon USA, pp 1 — 8, 2004.

. Koecker, K., Schmid, E. L., Steimle, F. “Carbon dioxide as a working fluid in drying

heat pumps”, L. J. Refrigeration, 24, 100-107, 2001.

. Chen, Y., Lundqvist, P., Johansson, A., Platell, P. “A comparative study of the

carbon dioxide transcritical power cycle compared with an organic rankine cycle

with R123 as working fluid in waste heat recovery”, Applied Thermal Engineering,
26, 2142-2147, 2006.

. Sarkar, J., Bhattacharyya, S., and Gopal, M. R. “Simulation of a transcritical CO2

heat pump cycle for simultanecous cooling and heating applications” 1. J.
Refrigeration, 29, 735-743, 2006.

. Sarkar, J., Bhattacharyya, S., and Gopal, M. R. “Natural refrigerant and transcritical

cycles for high temperature heating”, 1. J. Refrigeration, 2006, Article in press.

. Yang, J. L., Ma, Y. T., and Liu, S. C. “Performance investigation of transcritical

CO; two-stage compression cycles with expander”, Energy, 2006, Article in press.

. Pettersen, J. “Comparison of explosion energies in residential air-conditioning
systems based on HCFC-22 and CO,”, 20" international congress of refrigeration
(IIR), Sydney, Australia, September 19-24, 1999.

Neksa, P. “CO, as refrigerant for systems in transcritical operation, principles and
technology status”, AIRAH’s 2004 natural refrigerant conference, Sydney, July
28, pp 28-32, 2004.

Rozhentsev, A., Wang, C. “Some design feature of a CO2 air conditioner”, Applied
thermal Engineering, 21, 871-880, 2001.

Huff, H., Hwang, Y., and Radermacher, R. “Options for two-stage transcritical
carbon dioxide cycle”, The 5" |IR-Gustav Lorentzen conference on natural
working fluids, September 17-20, Guangzhou, China, pp. 159-164, 2002.

Ma, Y., Li, M., Lu, W., and Wang, J. ”The influence of characteristics of CO,
transcritical cycle on the heat pump drying system”, The 5™ [IR-Gustav Lorentzen
conference on natural working fluids, September 17-20, China, pp. 173-178, 2002.
Chen, J., Mu, J., Lui, J., Niu, Y., and Chen, Z. “Development of the transcritical
CO, automotive air-conditioning system”, The 5" IIR-Gustav Lorentzen
conference on natural working fluids, September 17-20, China, pp.47-52, 2002.
Leommon, E. W., McLinden M. O., and Huber M. L. NIST reference fluid
thermodynamic and transport properties-REFPROP. NIST standard reference
database 23 — Version 7.0, 2002.



130 B. Saleh

17. Span, R., and Wagner, W. “A New Equation of State for Carbon Dioxide Covering
the Fluid Region from the Triple-Point Temperature to 1100 K at Pressures up to
800 MPa”, J. Phys. Chem. Ref. Data, 25, 1509-1596, 1996.

WETTCS IR gl L NKECIRPRS WP ISP RPY e
A al) Akl ey Lag

bl Hla g Al Ahil s Led (oSl ash JB Sadiuly ) b 5y
Ll (po 5S) his die )hall 3k o Ul el il (e S0 bk vie 3l 3y
Hixy 5 ) laguiany e QUlwe 2500 Mle Blia A2 5 haia lpald il 2 sl
LAl Tl Ale 3Ly 5 5y5ll elaf e i ) delsal) aal aaf aial)
a5 parenill Aan 5 Ml Tl 5ilS gy (gl Julat Jee o3 Canl) aa b
Lowsll G pball Glaps G5 5 Ll e e il Wile oA Bl Aad 5 Al Bha
Salae o Sl 2ym Ge dngsd vie ((GeuSl 2] 6 ) 2l wile 5 (el ) 3l
Aapall ALl e e 0ol sl 3B aladiuly Sl lakia 500 1
saysall ol Jabea Aol daxs  Jlad) Jazall Fio G aag 4l duhall il a3
el o Lleall elly 5 Lgie il o) ) Al 2a die 5yall Jexd o) dhyall 75
OSay s il A e Liad gy Jadl Taaall o Zushall gl WS 0l 6ol Jalas
Aaiipall gl sa cilags die apyall das sall a0 s aadiy o
Lelall alias vie 5 L) 3 e dagsd die il file s Ao il A & Laf
il Bl dedll o (Gapeaill days 5 jaadl 3)ha 30
3l ile Bylya Aaps e IS Ao aaied ) harall Bl La@l o duhl) iy 8
Bha a3 o el Jalae aainy Laiy TaeLall adsan sie 5 L) 30e (0 a5 2ic
of Lol duhall s gl 08 5o 5l gy A 5 SLaD 2y e 2l wile g a
Aa 0S8 Ladie oI Jaleae Ao olay 80 a0 e Liall Jalal) 2yl aile Garans
Adle pREha a5 () acall Aadipe af aladiuly dadije sall 3)ha



