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Abstract - The increasing need for energy-efficient and
sustainable high-temperature heat pump systems (HTHPs) has
led to extensive research into working fluids with optimal
thermodynamic performance. Among various refrigerants,
carbon dioxide is a promising candidate due to its favourable
effects on the environment, good thermophysical properties, and
economic feasibility. However, its low critical temperature and
high operating pressure pose significant challenges on efficiency
of the system. One of the methods to explore the use of CO, as a
refrigerant is to mix it with other hydrocarbons and form
zeotropic refrigerant mixtures. Thus, the present study
investigates the performance of CO,-based zeotropic refrigerant
mixtures with six hydrocarbons. Key performance indicators,
including coefficient of performance (COP), sink outlet
temperature, pressure ratio, and Lorenz efficiency were
evaluated for the selected mixtures at different source inlet
temperatures. The results indicated that at a source inlet
temperature of 90°C, a CO,/butane mixture delivers a sink
outlet temperature of 147.3°C with a COP of 5.73, making it a
strong candidate for temperature < 140°C. Additionally,
CO,/butane exhibits the lowest pressure ratio and highest
Lorenz efficiency of 77.7% at 90°C source inlet temperature,
exhibits reduced compressor workload and improving overall
efficiency. For high-temperature applications exceeding 150°C,
CO,/acetone emerges as the most suitable mixture. At the
maximum source inlet temperature, it achieves a sink outlet
temperature of 188.76°C with a highest COP of 6.41 among all
tested mixtures. Those findings highlight the potential of CO,-
based zeotropic mixtures to enhance HTHPs performance by
reducing exergy destruction and improving heat exchanger
thermal matching without the need for complex system
modifications.
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1. Introduction

The growing demand for energy-efficient and
sustainable heating solutions has driven extensive
research into HTHPs. These systems play a critical role
in industrial applications such as food processing,
chemical production, and district heating. Among
various working fluids, CO, has gained attention due to
its excellent thermophysical and transport properties,
non-toxic, non-flammable, readily available, as well as
zero ozone depletion potential (ODP) and limited Global
Warming Potential(GWP) [1]. Additionally, CO. has
several advantages over other refrigerants, such as
compatibility with normal lubricants and common
machine construction materials, low compression ratio,
high volumetric heating capacity [2]. Moreover, the cost
of CO; refrigerant per unit mass is around three times
cheaper than that of HFC blends (R404A and R407A) [3].

Despite those advantages, it is challenging to use
CO; as a refrigerant, primarily due to its low critical
temperature (31.1 °C) and high critical pressure (7.38
MPa), which result in high operating pressure and
significant performance reduction [4]. This low critical
temperature leads to trans-critical conditions on the
high-pressure side of the cycle in many applications [5].



The trans critical CO, driven HPs have been shown to
have high irreversibility caused by throttling losses and
superheated vapor horns, which results in low COP [6].
Under trans-critical conditions, condensation heat
transfer does not occur at a constant temperature. Thus,
the pressure is not determined by the constant
condensing temperature, as it varies and can also be
optimized. This high optimal pressure results in
substantial losses at the throttle valve, which reduces the
overall efficiency of the system [5]. To address these
issues, many advanced technologies have been
introduced, like ejectors, parallel compression, two stage
compression, mechanical sub cooling, dedicated
mechanical sub cooling. However, the introduction of
improved technology requires additional equipment to
modify the system configuration which increases the
initial capital cost and makes the system configuration
more complex. To enhance the system energy efficiency
without adding additional equipment, mixing CO; with
other refrigerants to form zeotropic refrigerant mixture
is one of the solutions to achieve a higher critical point
Temperature and lower working pressures [7]. This
method extends the subcritical operation of pure CO,
minimizing the compressor work and the high throttling
losses. Moreover, the zeotropic temperature glide effect
allows a better matching between the refrigerant and the
secondary fluid and hence reduces the irreversibility
during the heat exchange process.

Several researchers have shown the importance of
CO;-based zeotropic mixtures to significantly enhance
the performance and efficiency of heat pump systems.
Sarkar and Bhattacharyya [8] explored CO,/R600 and
C0O,/R600a (0.5/0.5) mixtures for medium and high-
temperature heat pumps, The result indicates that
refrigerant mixtures of CO,/ R600a have more than
twice the COP than that of R600. R600a mixtures also
enable the elimination of the extremely high-pressure
requirements of CO, systems, making it the best
alternative working fluid for CO, heating.

Toffoletti et al., [9] evaluated CO,/( R-290,R-600a,

and R-600) blends and demonstrated that the addition of
hydrocarbons significantly increases the critical
temperature while lowering system pressure, allowing
more efficient operation in the near-critical region.
Li et al, [10] investigated a trans-critical CO,-based
mixture heat pump for simultaneous heat and cold
energy recovery, achieving exergy efficiencies up to
60%.

Juetal,[11] also tested CO,-propane mixtures for
high sink temperature lift, identifying an optimal mass
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fraction of 12%/88%. This mixture was proposed as an
alternative to R22, showing increased COP and better
heating capacity. Koyama et al.,, [12] on the other hand,
tested a mixture of CO, with 10% dimethyl ether (DME)
and found no significant differences in COP but a notable
reduction in optimal discharge pressure by 2 MPa and
1.9 MPa for heating and cooling mode, respectively. A
recent study by Gomez et al., [13] showed that a mixture
of 5% CO, and 95% Acetone achieves a COP of 5.66 for
industry scale HTHPs at the target sink outlet
temperature of 200 °C. Onaka et al, [14] also
investigated the evaporation heat transfer of CO,/DME
mixtures in a horizontal tube and observed a reduction
in the heat transfer coefficient by 20% for a 10% CO,
mixture and by 48% for a 25% CO, mixture. Ren et al.,
[15] studied the flow boiling characteristics of a
zeotropic R290/R601a mixture in a mini-channel,
demonstrating that composition, mass flux, and vapor
quality strongly influence local heat-transfer coefficients
and pressure drops.

Thus, the present study investigates the
performance of blends of CO, with six different
hydrocarbons namely butane, pentane, isopentane,
diethyl ether (DEE), methanol, and acetone for HTHPs.
The performance of HTHPs is significantly influenced by
the thermodynamic properties of the working fluid.
These proposed zeotropic refrigerant mixtures,
characterized by temperature glide during phase change,
can offer improved thermal performance by better
matching the temperature profiles of heat exchangers.
This approach can lead to increased COP, reduced exergy
destruction, and increased overall system efficiency.

2. Methods

This section presents the heat pump layout and
assumptions used for modelling the HTHPs, along with
performance analysis of the working fluid. In the present
study DW-Therm HT (heat transfer fluid) is used as a
heat source with inlet temperature range 50-130 °C, and
water is used as a heat sink. The source inlet
temperature was the main input parameter for the entire
system at constant lift temperature that influences the
system’s performance. REFPROP software version 10.1
[16] was linked to excel to obtain properties of the
working fluid and for further system analysis.

The choice of refrigerant plays a crucial role in the
performance, reliability, and safety of HTHPs. Selecting
the appropriate refrigerant for high-temperature
operation is essential. Table 1 shows the refrigerants



considered in the present study and their distinct
thermophysical properties which influence suitability
for HTHPs. Good miscibility of CO, in all six
hydrocarbons is assumed. In addition, 5% of CO,
composition with 95% of secondary hydrocarbon
composition were assumed for all selected zeotropic
refrigerants.

Table 1. General properties of selected refrigerants
Refrigerant General Property

Carbon Dioxide High heat transfer coefficient, non-
flammable, environmentally
friendly, but operates at high
pressures

Low boiling point, moderate
operating pressure, and good
thermodynamic efficiency.

Higher boiling point than butane,
lower vapor pressure, and
favourable  temperature glide
characteristics.

Like pentane but with slightly
different thermodynamic
properties, useful for enhancing
heat transfer.

Low boiling point, good heat
transfer properties, but flammable.
Low molecular weight, moderate
pressure, but hygroscopic.

High volatile, good thermal stability,
but flammable.

Butane

Pentane

Isopentane

Diethyl Ether
(DEE)

Methanol

Acetone

Figure 1 shows a HTHPs layout for zeotropic
refrigerants, a layout similar to standard heat pump
layout but with additional two internal heat exchangers,
[HX1 and IHX2. IHX1 ensures dry compression.
Following compression to state 2, IHX2 located before
the expansion valve enable the refrigerant to be sub-
cooled liquid at the entrance to the throttle valve. This
reduces the formation of unwanted flash gas during
expansion. The zeotropic nature of the CO,/HC mixture
necessitates the identification of state 3, which signifies
the onset of condensation. Due to the temperature glide
occurring during the phase change, saturated vapour is
identified at state 3 within the condenser. State 4 then
exchanges heat with the outlet fluid from the evaporator
at state 9 before exiting [HX1 and entering IHX2. Finally,
within IHX2, heat is transferred from state 6 to the low-
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pressure stream, transitioning it from state 7 to state 8,
after which state 6 undergoes a throttling process.
Figure 2 depicts a temperature-heat diagram for
the heat pump layout, illustrating the temperature
changes of both the heat source and sink as a function of
transferred heat percentage. The black line represents
the refrigerant mixture, the blue line represents the heat
source, and the red line represents the heat sink, where
the refrigerant releases heat, beginning with state point
3, and then condensation will occur in process 3-4, and
finally subcooling processes 4-5 and 5-6 before
returning to the evaporator. The temperature difference
between the dew points of the evaporator and the
condenser is denoted by ATy, which is a critical

parameter influencing the heat pump's performance.
Quink

CONDENSER COMPRESSOR

THX2

EXPANSION
VALVE
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Qsource

Figure 1. Heat pump layout for proposed CO,
based zeotropic mixtures
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Figure 2 Temperature-heat diagram



The entire system has been modelled based on the
energy balance of individual components, leading to the
derivation of the conservation equations. Steady-flow
energy equations, in accordance with the first law of
thermodynamics, have been applied to each component.
The following assumptions were made for the
theoretical analysis:

e The heat loss to the environment is neglected.

e The refrigerant is assumed to be saturated

vapor at the outlet of the evaporator.

The flow configuration within the heat
exchangers is counterflow.

The compressor functions with a constant
isentropic efficiency (7;5) of 0.85.[17]

The expansion valve undergoes an isenthalpic
expansion process.

ATiyxs = 5K =Ts — Ty, [18]

ATsink pincn = ATsource pinch= 2.5 K [19]
Superheat at the compressor inlet (ATsy ) =5 K
Source temperature difference (ATpyrce ) = 10
K

2.1. Performance Analysis

The evaluation of HTHPs relies on several critical
performance indicators. The sink outlet temperature is
one of performance parameters which quantifies the
system's ability to deliver thermal energy at high
temperature levels required for specific industrial
applications. COP relates the supplied heat Qg to the
consumed electric power of the compressor Wcomp.
cop = Lsink (1)

Wcomp

VHC and thermodynamic average temperature of
condenser also serve as critical performance metrics.
VHC reflects the system’s ability to deliver heat per unit
volume of refrigerant flow, directly influencing system
efficiency and compactness which is expressed as.

Qsin
VHC = Tpkin = p1(hy — hy) (2)
The thermodynamic average temperature of
condenser in a heat pump system is defined based on the
exergy-temperature relationship, given by the ratio of

enthalpy change to entropy change during the
condensation process [20].

(3)
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Lorenz efficiency (1;orenz) relates the COP to the
maximum achievable COP,, for finite heat reservoirs in
terms of a Lorenz cycle [21] and therefore gives an
indication about the improvement potentials.

cop
COPjor

Niorenz =

(4)

Tsink,av

coP,, = (5)

Tsink,av_Tsource,av

Where: Tsing q and Tsoyrce qpare average sink and source
temperature of the HTF respectively.

3. Result and discussion

This section starts with presenting the glide
temperature, bubble, and dew point temperature with
respect to carbon dioxide composition of the selected
mixtures. Then, the next sections present the results of
the performance analysis of the HTHPs using proposed
CO; based zeotropic refrigerants. Figures 3 and 4
illustrate glide temperature, bubble and dew point
temperatures variation of this proposed zeotropic
mixture with composition of CO; at pressure of 10 bar.

The result indicates that CO, / butane mixture has
the lowest Tg;4, compared to all other proposed
zeotropic mixtures and CO, /methanol have the highest
glide temperature. At 10 bar, for 5% CO, /95% HC the
glide temperatures follow the order CO,/butane (33.47
°C) < CO,/acetone (54.85 °C) < CO,/isopentane (60.2 °C)
< CO,/pentane (62.6 °C) < CO,/methanol (72.78 °C),
These trends arise because mixtures whose components
have approximate volatilities exhibit smaller
temperature glides due to minimal composition shifting
across the two-phase region. This low glide temperature
reduces the thermal resistance due to mixture effect and
increases the heat transfer.
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Figure 4 Bubble point and dew point temperature of the
mixtures with percentage composition of CO,

To calculate the selected performance indicators,
the present study considered the temperature lift
(ATyi5¢) and source glide (ATsoyrce) of 60K and 10K
respectively. The trend of heat sink outlet temperatures
of the system for all CO; based zeotropic refrigerant
mixtures is presented in Figure 5, which clearly shows
the direct relation between the heat source inlet
temperature and the heat sink outlet temperature. Heat
sink outlet temperature increases with the rise in heat
source inlet temperature. The result indicates that all the
selected zeotropic refrigerant mixtures deliver high sink
outlet temperatures. At the same source inlet
temperature of 90°C the proposed CO; based zeotropic
refrigerants deliver sink outlet temperature of
CO2/butane 420.3K, CO2/pentane 414.9K,
CO2/isopentane 415.3K, CO,/DEE 416.7K, CO2/methanol
431.8K, COz/acetone 422.37K. Based on this result CO2/
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(methanol, acetone, butane) mixtures delivers better
sink outlet temperature than other proposed
refrigerants CO2/methanol have 2.24% increase than
CO2/acetone similarly CO,/acetone have 0.49% increase
than CO2/butane.

From the proposed CO; based zeotropic
refrigerants CO;/ (pentane, DEE, methanol, and acetone)
showed applicability to obtain sink outlet temperature
above 150°C at the same maximum source inlet
temperature of. The maximum sink outlet temperature
which is delivered by CO./pentane, CO./DEE,
CO2/methanol, and CO2/acetone were found to be
457.88K, 459.17K, 466.7K, and 461.91K respectively.

The result indicates that higher source inlet
temperatures increase the driving potential for heat
transfer, thereby raising the sink outlet temperature.
These insights highlight that careful selection of
zeotropic mixtures enables higher sink outlet
temperatures, improving the practical applicability and
efficiency of HTHPs.
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Figure 5: Variation of sink outlet temperature versus
source inlet temperature at AT;;r, = 60K.

Figure 6 shows the COP of selected refrigerant
mixture for various source inlet temperature. As shown
in the result, the COP of the system increases when the
source inlet temperature increases. This is because an
increase in the source inlet temperature, at constant
temperature lift and pinch point temperature, results in
an elevated evaporator and condenser dew point
temperature. This shiftleads to a corresponding increase
in the evaporator and condenser pressure consequently,
the specific compression work decreases. This reduction
in compressor work directly contributes to an
improvement in the COP, highlighting that the HTHPs
operates efficiently when the source inlet temperature of
evaporator increases. The COP of above 5 were observed

140



for all refrigerants even at a minimum source inlet
temperature of 50°C. At the same source inlet
temperature of 90°C, the proposed CO»-based zeotropic
refrigerants have COPs of CO2/butane 5.73, CO,/pentane
6.07, COz/isopentane 6.03, CO2/DEE 6.08, CO2/methanol
5.6, and COz/acetone 5.99. This result follows the trend
in which, at constant source inlet temperatures, the CO»-
based zeotropic refrigerants with maximum sink outlet
have minimum COP. The higher the sink outlet
temperature, the lower the COP [22]. Based on these
results, CO2/ (DEE, pentane, isopentane) mixtures have
maximum COP compared to other proposed refrigerants.
At the same maximum source inlet temperature, the
COPs of COz/pentane, CO,/DEE, CO2/methanol, and
COz/acetone were 6.28,6.27,6.11, and 6.41 respectively.

This result indicates that maximum COP is obtained
from the CO;/acetone zeotropic mixture, which has a
4.92% increment compared to COz/methanol. Thus, the
outcome of the present model reveals the system can
deliver high temperature with high performance using
CO2/ acetone zeotropic refrigerant mixture.
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Figure 6: Variation of COP for the proposed CO;
based zeotropic refrigerants at constant AT;;r; = 60K.
Figure 7 shows that the maximum
thermodynamic average temperature of the condenser
occurs at the highest source inlet temperature. The
results indicate that as the source inlet temperature
increases at constant lift and pinch point temperatures,
the dew point temperature of condenser and evaporator
increase resulting in an increase in the thermodynamic
average temperature of the condenser. This implies that
operating at higher source temperatures can enhance
the energy transfer efficiency of the condenser,
supporting more effective heat rejection and overall
performance optimization of HTHPs.
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Figure 7 Thermodynamic average temperature of
condenser variation at different source inlet
temperature

Figure 8 illustrates the VHC of a CO,/HC zeotropic
mixture at different source inlet temperatures the result
indicates that as the source inlet temperature increase
VHC also increases. VHC measures the refrigerant's
ability to absorb heat per unit volume, a critical
parameter for compressor design in refrigeration
systems. These insights are critical for compressor and
system design, indicating that the higher source inlet
temperature achieves higher VHC, enabling more

compact compressor and efficient HTHPs.
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Figure 8 Variation of VHC at different source inlet
temperatures

The pressure ratio in a heat pump system, defined
as the ratio of condenser pressure to evaporator
pressure, is a critical factor influencing system
performance, efficiency, and compressor workload. A



high-pressure ratio increases compressor power
consumption and reduces volumetric efficiency, leading
to higher exergy destruction and potential mechanical
stress. however, a lower pressure ratio can improve
efficiency. Figure 9 shows variation of pressure ratio
versus source inlet temperature at constant lift
temperature of 60K. The result indicates that pressure
ratio has an inverse relation with source inlet
temperature. A higher source inlet temperature
increases the evaporator temperature and pressure,
reducing the pressure ratio. This leads to lower
compressor work, improved COP, and higher system
efficiency.

The results indicate that COz/butane has minimum
pressure ratio and COz/methanol has maximum
pressure ratio for all variations of source inlet
temperature. At the maximum source inlet temperature
CO2/acetone has a pressure ratio of 3.21, which is a
20.9% reduction compared with CO;/methanol. The
pressure ratio decreases with rising source inlet
temperature, as higher evaporator pressures reduce the
condenser-to-evaporator ratio, lowering compressor
work and enhancing system efficiency. This highlights
that selecting CO,-based zeotropic mixtures with lower
pressure ratios can optimize COP and reduce mechanical
stress in HTHPs.
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T source inlet (°C)
Figure 9 variation of pressure ratio versus source
inlet temperature

Figure 10 depicts variation of Lorenz efficiency with
source inlet temperature at constant AT, = 60K. The
result indicates that Lorenz efficiency increases as
source inlet temperature increases for all proposed CO--
based zeotropic refrigerants. The results show that
CO2/butane has maximum Lorenz efficiency and
CO2/methanol has minimum Lorenz efficiency for a
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e — ® — 5% CO2/ 95% isopentane

source inlet temperature ranging from 50-100°C. At 90°C
of source inlet temperature, COz/butane achieves the
maximum Lorenz efficiency of 77.7%, highlighting the
importance of mixture selection for maximizing energy
utilization in HTHPs.
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Figure 10: Variation of Lorenz efficiency with source

inlet temperature

5. Conclusion

This study evaluated the thermodynamic performance of

CO;-based zeotropic refrigerants for high-temperature

heat pump applications. The results demonstrate that

the selection of the optimal hydrocarbon based

refrigerant mixture significantly influences system

efficiency, COP, and heat exchanger performance.

From the study the following conclusions were drawn:

e (O,/butane is recommended for applications
requiring sink outlet temperatures up to 140°C, as
it offers the highest Lorenz efficiency (77.7% at
90°C source inlet temperature), contributing to
enhance system efficiency.

e (CO,/acetone is the preferred mixture for sink
outlet temperatures above 150°C due to its
superior COP (6.41 at maximum source inlet
temperature), making it suitable for industrial
high-temperature heating applications.

e The implementation of these CO,-based zeotropic
mixtures can significantly improve the energy
efficiency and sustainability of HTHPs.

should focus

e Future work on experimental

validation and  optimization of  system

configurations to maximize the benefits of these
refrigerant blends in real-world applications.
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