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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 efficiency challenges. 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:z-based zeotropic refrigerant mixtures with six hydrocarbons. Key performance indicators, including coefficient of
performance (COP), sink outlet temperature, Lorenz efficiency, and condensation heat transfer coefficient, 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 moderate temperature applications.
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,
COq/acetone emerges as the most suitable mixture. At a source inlet temperature of 130°C, it achieves a sink outlet temperature of
188.76°C with a highest COP of 6.41 among all tested mixtures. Additionally, CO-/acetone exhibits a high condensation heat transfer
coefficient (1706.9 W/m?K at the same source inlet temperature) leading to lower exergy destruction and enhanced thermal efficiency.
Those findings highlight the potential of CO2-based zeotropic mixtures to enhance HTHP 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, CO2 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 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 [5]. This low critical temperature leads
to trans-critical conditions on the high-pressure side of the cycle in many applications [6]. 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 [7].

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 [6]. 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
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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, lower working pressures and low
GWP. 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 CO2/R600 and CO2/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. Ju et al. [9] also tested CO.-
propane mixtures for high sink temperature lift, identifying an optimal mass fraction of 12%/88%. This mixture was proposed
as an alternative to R22, showing increased COP and better heating capacity. Koyama et al. [10] on the other hand, tested a
mixture of CO; with 10% dimethyl ester (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., [11] 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. [12] 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.

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. It also examines condensation heat transfer
characterization of these CO; based zeotropic refrigerants. 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. Method
This section presents the heat pump layout and assumptions used for modelling the HTHPs, along with performance and
condensation 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 [13] was linked to excel to obtain properties of the fluid and for further system analysis.

2.1. Heat pump layout

Figure 1 shows a HTHPs layout for zeotropic refrigerants, a layout similar to standard heat pumps but with the
incorporation of two internal heat exchangers, IHX1 and IHX2. IHX1 ensures dry compression. Following compression to
state 2, 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 IHX1 and
entering IHX2. Finally, within IHX2, heat is transferred from state 6 to the low-pressure stream, transitioning it from state 7
to state 8, after which state 6 undergoes a throttling process.
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Figure 1: Heat pump layout for proposed CO; based zeotropic mixtures.

The entire system has been modeled 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 Heat losses to the surrounding are neglected.
o The refrigerant is assumed to be in a saturated state at the outlet of the evaporator.

« A T[HX =5K= TS - T9’ A Tsinkpinch: A Tsource pinch: 25K

o The compressor functions with a constant isentropic efficiency (77,,) of 0.8

2.2. Performance Analysis
The evaluation of HTHPs relies on several critical performance indicators. The sink outlet temperature is one of
performance parameter which quantifies the system's ability to deliver thermal energy at high temperature levels required for
specific industrial applications. COP relates the supplied heat @, , to the consumed electric power of the compressor

Z comp-
cop=—"1% (D)

comp
Lorenz efficiency (7,,,.,,. ) relates the COP to the maximum achievable COP, for finite heat reservoirs in terms of a

Lorenz cycle [19] and therefore gives an indication about the improvement potentials.
coP

U/arenz =T OPIor (2)
T
kav
cop, = sink X
lor Tsjnk,ay_ Tsource,av ( )
Where: T, kaVand Tsource.avare average sink and source temperature of the HTF respectively.

2.3. Condensation Analysis
Condensation of zeotropic refrigerants differs significantly from that of pure fluids due to temperature glide during phase
change. The less volatile component condenses at the dew point temperature, while the more volatile component accumulates
at the interface of the liquid condensate and vapour [15]. And in this study heat transfer coefficient of zeotropic refrigerant
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during condensation were analysed. The model suggested by Silver-Bell-Ghaly [16] was adopted in this study to predict the

condensation heat transfer coefficient of zeotropic mixtures /4 . defined as,

1 1 4
- - 4z 4
B Tpare | By 4)
Zhang et al., [17] derived an equation to calculate the convective heat transfer coefficient for pure refrigerant A,

which is given by;

K
1 *
bpure =0.4703R, eq0'5221P“3300'1674p 0.2126( I/D ) (%)
h
Z in equation 3 is the ratio of the sensible heat transfer coefficient of the vapor phase and the total heat transfer coefficient

during the condensation and - represents the heat transfer resistance caused by the mixture effects. Zis simplified as [18].
v

__ sensible heat transfer coefficient of vapor C 7, gl 6
= ‘total heat transfer coefficient of condensation m P V/] ( )

h,is the heat transfer coefficient of the vapour phase referring to the Vapour-llquld interface and can be calculated based
on the formula below [19].
hy,= f}h VO (7N
Where £;is the interfacial roughness correction factor, the vapour single-phase heat transfer coefficient h,Vis calculated
using the well-known Dittus and Boelter correlation [20], which is given by:

A0 =0.023R, 08 ”3(0 ‘) ®)
The interfacial roughness correction factor £, can be expressed using the expression given by [21];
u 01— PNESe
fi: 14+ (T;)l / ZWJO.ZS 9)

3. RESULT AND DISCUSSION
This section starts with a presentation of the glide temperature with respect to the CO, composition of the selected
mixtures. Then, the next sections present the results of the performance and condensation analysis of the HTHPs using
proposed CO; based zeotropic refrigerants. Figure 2 illustrates glide temperature variation of these proposed zeotropic
mixture with composition of CO; at a pressure of 10 bar.
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Figure 2: Variation of glide temperature of zeotropic mixtures with percentage composition of CO-

To calculate the selected performance indicators, the present study considered the temperature lift (A 7),.) and source
glide (A Tgource) of 60K and 10 Krespectively. The trend of heat sink outlet temperatures of the system for all CO; based
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zeotropic refrigerant mixtures is represented in Figure 3, 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 refrigerants deliver moderate and high sink outlet temperatures. At the
same source inlet temperature of 90 °C’ the proposed CO, based zeotropic refrigerants deliver sink outlet temperature of
COy/butane 420.3K, CO,/pentane 414.9K, CO,/isopentane 415.3K, CO»/DEE 416.7K, CO»/methanol 431.8K, CO»/acetone
422.37K. Based on this result CO»/ (methanol, acetone, butane) mixtures delivers better sink outlet temperature than other
proposed refrigerants CO»/methanol have 2.24% increase than CO»/acetone similarly CO»/acetone have 0.49% increase than
COgy/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 source inlet temperature of 130 °C. The maximum sink outlet
temperature which is delivered by CO»/pentane, CO,/DEE, CO,/methanol, and CO»/acetone were found to be 457.88K,
459.17K, 466.7K, and 461.91K respectively. The result also indicated CO,/methanol has 1.04 percentage increase in
maximum sink out let temperature than CO»/acetone.
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Figure 3: Variation of sink outlet temperature versus source inlet temperature at A 7., = 60K.

lift

Figure 4 shows the COP of selected refrigerant mixture for various source inlet temperature. As shown in the result,
COP above 5 were observed 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: CO./butane 5.73, CO»/pentane 6.07,
COy/isopentane 6.03, CO»/DEE 6.08, CO»/methanol 5.6, and CO»/acetone 5.99. This result follows the trend in which, at
constant source inlet temperatures of 90°C, 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, CO,/ (DEE, pentane,
isopentane) mixtures have maximum COP compared to other proposed refrigerants. At the same source inlet temperature of
130°C, the COPs of CO2/pentane, CO,/DEE, CO»/methanol, and CO»/acetone were 6.28, 6.27, 6.11, and 6.41 respectively.

This result indicates that maximum COP is obtained from the COs/acetone zeotropic mixture, which has a 4.92%
increment compared to CO»/methanol. Thus, the outcome of the present model reveals the system is able to deliver high-
temperature with high performance using CO»/ acetone zeotropic refrigerant mixture.
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Figure 4: Variation of COP for the proposed CO; based zeotropic refrigerants at constant A Tlift= 60K

Figure 5 depicts variation of Lorenz efficiency with source inlet temperature at constant A 7, .= 60K The result

indicates that Lorenz efficiency increases as source inlet temperature increases for all proposed CO»-based zeotropic
refrigerants. The results show that CO,/butane has maximum Lorenz efficiency and CO,/methanol has minimum Lorenz
efficiency for a source inlet temperature ranging from 50-100°C. At 90°C of source inlet temperature, CO»/butane has a
maximum Lorenz efficiency of 77.7%.
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Figure 5: Variation of Lorenz efficiency with source inlet temperature for 5%/95% CO»/HC zeotropic mixture

Unlike pure refrigerants, zeotropic refrigerants undergo a temperature change during phase change, called glide
temperature. As the source inlet temperature of the evaporator increases both the evaporation and condensation pressures
increase at a fixed mixture composition, lift and pinch point temperature. This pressure increase leads to a reduction in

temperature glide, which results a decrease in the thermal resistance due to the mixture effect (R, ;). Despite the decrease in

R, ., vapor density increases sharply with rising source inlet temperature, while the liquid density changes relatively little.

A It, the densit o p* =2 itical ter in the heat fi lation for A d ignificantl
s a result, the density ratio p° =5, (a critical parameter in the heat transfer correlation for /) decreases significantly.
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This sharp decline in p* dominates the behaviour of the correlation, leading to a net reduction in hpyre- Consequently, the
overall heat transfer coefficient of condensation of zeotropic refrigerant mixture /2 also decreases. Figure 6 shows the effect

of source inlet temperature on condensation heat transfer coefficient of the proposed CO,-based zeotropic refrigerants at
constant A 7). = 60K and A Tsyypce = 10K The result indicates that the maximum condensation heat transfer coefficient
was obtained from CO»/acetone composition at different source inlet variations. At a source inlet temperature of 130°C,
COy/acetone mixture has a condensation heat transfer coefficient of 1706.9 W/m?K.
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Figure 6: Variation of heat transfer coefficient with source inlet temperature for 5%/95% CO./HC zeotropic mixture

4. Conclusion
This study comprehensively evaluated the thermodynamic performance of CO2-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:

¢ COy/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 COq/acetone is the preferred mixture for sink outlet temperatures above 150°C due to its superior COP (6.41 at 130°C
source inlet temperature), and high condensation heat transfer coefficient (1706.9 W/m?K), making it suitable for
industrial high-temperature heating applications.

The implementation of these CO:-based zeotropic mixtures can significantly improve the energy efficiency and

sustainability of HTHPs. Future work should focus on experimental validation and optimization of system configurations to
maximize the benefits of these refrigerant blends in real-world applications.
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