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Abstract. The performance of conventional air-to-water heat pumps significantly deteriorates at low ambient temper-
atures due to high temperature lift and compressor limitations. This study investigates the thermodynamic performance
of three cascade air-to-water heat pump configurations for cold climate applications using sixteen refrigerant pairs. A
numerical model was developed in Python using CoolProp for thermophysical properties, considering ambient tempera-
tures down to -50 ◦C and a heating supply temperature of +60 ◦C. The results indicate that R32/R134a and R410A/R134a
achieve the highest COP, reaching up to 2.56 at +10 ◦C and approximately 1.98 at -30 ◦C; however, their operation is
limited by environmental constraints and operating range. R744-based systems enable operation at extreme low tem-
peratures down to -41 ◦C, with COP values of 1.62 (R744/R134a) and 1.60 (R744/R290). Among the configurations,
the first and third show the highest efficiency (COP ≈ 2.0), while the second exhibits a ∼4.6% lower COP but offers
operational flexibility, including single-stage operation above -10 ◦C. Considering both performance and environmental
impact, R744/R290 is identified as the most promising refrigerant pair for future applications.
Keywords: Cascade heat pump; cold climate; COP; pressure ratio; environmentally friendly refrigerant.

INTRODUCTION

The transition toward low-carbon and energy-
efficient heating technologies has become one of
the major global priorities due to increasing en-
ergy consumption, greenhouse gas emissions, and
the need to reduce dependency on fossil fuels
[1]. The building sector accounts for a signifi-
cant share of total global energy demand, where
space heating and domestic hot water production
remain the dominant contributors to energy con-
sumption in cold climate regions [2]. Heat pump
technologies are therefore considered one of the
most promising solutions for sustainable heating
applications because of their high energy effi-
ciency and potential for electrification of heating
systems [3, 4].

Among various heat pump technologies, air-to-
water heat pumps (AWHPs) have attracted con-
siderable attention because of their relatively sim-

ple installation, low initial investment compared
to ground-source systems, and wide applicability
in residential and industrial sectors [5]. However,
conventional single-stage air-to-water heat pumps
experience serious performance degradation un-
der low ambient temperature conditions [6]. In
continental and severe winter climates, such as
those observed in Kazakhstan, Northern Europe,
Canada, and other cold regions, the outdoor air
temperature may decrease below -20 ◦C, caus-
ing substantial reductions in heating capacity and
coefficient of performance (COP) [7]. In addi-
tion, the compressor discharge temperature sig-
nificantly increases under large temperature lift
conditions, which limits the operational reliability
and efficiency of conventional vapor compression
systems [8, 9].

To overcome these limitations, cascade heat
pump systems [6, 7] have emerged as an effec-
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tive technological solution for high-temperature
[9] heating applications under cold climate con-
ditions. A cascade heat pump consists of two
interconnected vapor compression cycles operat-
ing with different refrigerants through an inter-
mediate cascade heat exchanger [6, 7]. Such a
configuration allows the system to achieve higher
condenser temperatures while maintaining mod-
erate compression ratios and improved thermody-
namic performance. Cascade systems are espe-
cially suitable for domestic hot water production,
industrial heating processes, and district heating
applications requiring supply temperatures above
60-70 ◦C [9, 10, 11].

The selection of refrigerant pairs plays a crit-
ical role in the thermal and environmental per-
formance of cascade heat pump systems. Dif-
ferent refrigerant combinations strongly influence
the heating capacity, compressor work, pressure
ratio, discharge temperature, volumetric heating
capacity, exergy destruction, and overall sys-
tem COP. In recent years, considerable attention
has been devoted to the replacement of conven-
tional high-global-warming-potential (GWP) re-
frigerants with environmentally friendly alterna-
tives due to increasingly strict environmental reg-
ulations. Refrigerants such as R290, R1234yf,
R744, R134a, R410A, and their combinations
have been investigated in cascade systems to im-
prove both thermodynamic efficiency and envi-
ronmental sustainability [6, 7].

Several previous studies investigated the ther-
modynamic behavior of cascade heat pump sys-
tems using different refrigerant pairs. Yerdesh et
al. [6, 7] analyzed the thermal performance of an
air-to-water cascade heat pump operating under
continental climate conditions and demonstrated
that cascade configurations can effectively pro-
vide condenser temperatures above 70 ◦C while
maintaining stable operation at low ambient tem-
peratures. Other researchers evaluated the feasi-
bility of cascade heat pump systems for simul-
taneous indoor heating and domestic hot water
production in retrofitted buildings and highlighted
the advantages of cascade operation for building
electrification strategies [12, 13, 14, 15, 16, 17].

Boahen et al. [12] investigated the performance
characteristics of a water-to-water cascade multi-
functional heat pump system designed for space
heating, domestic hot water production, and si-
multaneous operation under winter conditions.
Their analysis, conducted over a range of sec-
ondary fluid temperatures, demonstrated that cas-
cade multifunctional configurations can achieve
improved energy efficiency at elevated heating
and hot water demands. The study further high-
lighted the capability of such systems to effec-
tively meet simultaneous space heating and do-
mestic hot water requirements during the heating
season, making them particularly attractive for
cold climate applications. Zhang et al. [15] inves-
tigated the performance of an R134a/CO2 cascade
air-source heat pump system under cold climate
conditions in China. Their experimental results
demonstrated that the proposed system is capable
of supplying hot water at temperatures above 50
◦C while maintaining relatively high energy per-
formance. Specifically, the system achieved co-
efficients of performance (COP) of up to 3.07 at
an ambient temperature of -5 ◦C and 1.60 at -45
◦C. These findings highlight the suitability of cas-
cade configurations for reliable high-temperature
heating applications in severe cold environments.
Ma et al. [18] proposed a novel air-source cas-
cade steam-generating heat pump capable of pro-
ducing high-temperature steam up to 170 ◦C from
low-grade heat sources ranging from -30 ◦C to
80 ◦C. Their study demonstrated stable opera-
tion under cold climate conditions, with a COP of
about 1.42 at -30 ◦C, highlighting the potential of
cascade configurations for large temperature lift
applications and industrial decarbonization. Wu
et al. [19] investigated the experimental perfor-
mance and industrial application of a cascade air-
source high-temperature heat pump, demonstrat-
ing its capability to supply hot water up to 120-
125 ◦C with a COP of about 1.7-1.8. Their re-
sults confirmed stable operation and practical fea-
sibility in real industrial conditions, highlighting
the potential of cascade configurations for replac-
ing conventional boilers in high-temperature heat-
ing applications. Furthermore, previous investi-
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gations showed that cascade systems can reduce
excessive compressor discharge temperatures and
improve system reliability compared to single-
stage cycles under large temperature lift condi-
tions [1, 2, 3, 4]. Despite the growing number of
studies on cascade heat pump technologies, com-
parative investigations of different types of air-to-
water cascade heat pump configurations operating
with various refrigerant pairs under cold climate
conditions remain limited. In particular, there
is still insufficient understanding regarding the
comparative thermodynamic performance, heat-
ing characteristics, and operational limitations of
different cascade cycle configurations under iden-
tical operating conditions. Moreover, the influ-
ence of refrigerant pair selection on system ef-
ficiency and environmental performance requires
further detailed investigation for practical imple-
mentation in severe winter regions. Therefore, the
present study aims to perform a comprehensive
thermodynamic performance evaluation of three
different types of air-to-water cascade heat pump
systems for cold climate applications using var-
ious refrigerant pairs. The study focuses on the
analysis of heating capacity, coefficient of perfor-
mance, compressor work, discharge temperature,
and overall thermodynamic behaviour under low
ambient temperature conditions. The obtained re-
sults are expected to contribute toward the devel-
opment of efficient and environmentally friendly
cascade heat pump technologies suitable for sus-
tainable heating applications in continental cli-
mate regions. The novelty of this study lies in the
comparative thermodynamic evaluation of three
air-to-water cascade heat pump configurations us-
ing sixteen refrigerant pairs under identical oper-
ating conditions and ambient temperatures down
to -50 ◦C. The results identify the most promising
refrigerant pairs and system configurations for ef-
ficient and environmentally friendly heating in se-
vere continental climates.

SYSTEM DESCRIPTION

The proposed system is an air-to-water cascade
heat pump developed as a part of a cascade heat
pump system for space heating and domestic

hot water production in continental climate re-
gions. The system is intended for low outdoor
air temperatures, where a conventional single-
stage vapour compression heat pump has a lim-
ited temperature lift and reduced efficiency. To
increase the useful heat delivery temperature, two
vapour compression cycles are connected in se-
ries: a low-temperature (LT) cycle and a high-
temperature (HT) cycle.

The LT cycle extracts heat from the outdoor air
through an air-source evaporator. After evapo-
ration, the refrigerant vapour is compressed and
transfers heat to the HT cycle through an inter-
mediate heat exchanger. The HT cycle absorbs
this heat, compresses the refrigerant to a higher
pressure and temperature level, and rejects useful
heat to the heating circuit. Both cycles include
the main components of a vapour compression
heat pump: compressor, compact brazed plate
heat exchanger, thermostatic expansion valve and
evaporator. The prototype also includes liq-
uid receivers, sight glasses, filter driers, pressure
gauges, pressure cut-outs, circulation pumps, a
control panel and a hot water storage tank. The
experimental air-to-water cascade heat pump pro-
totype was assembled for the R410A/R134a re-
frigerant pair due to the availability of compatible
components.

The first configuration (Fig. 1) is the basic air-
to-water cascade heat pump. It consists of two
closed vapour compression circuits connected in
series through a compact brazed plate heat ex-
changer. In the LT cycle, the refrigerant vapour
at point 1 is sucked by the first compressor. After
compression, the refrigerant at high pressure and
temperature reaches point 2 and enters the con-
denser, which also acts as the intermediate heat
exchanger between the two cycles. In this heat
exchanger, the LT refrigerant releases heat to the
refrigerant of the HT cycle.

After condensation, the LT refrigerant passes
through the liquid receiver, sight glass and filter
drier, and then enters the thermostatic expansion
valve. After throttling, the two-phase refrigerant
at point 4 enters the air-source evaporator, absorbs
heat from the ambient air and returns to the com-
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pressor.
In the HT cycle, the refrigerant heated in the

intermediate heat exchanger reaches point 5 and
is compressed by the second compressor. It then
rejects useful heat in the condenser connected to
the hot water storage tank. Thus, the intermedi-
ate heat exchanger simultaneously operates as the
condenser of the LT cycle and as the evaporator
of the HT cycle.

Figure 1 - Scheme of the air-to-water cascade heat
pump in the first configuration.

The second configuration (Fig. 2) introduces an
intermediate heat transfer circuit between the LT
and HT vapour compression cycles. In this ar-
rangement, the system can be considered as a se-
rial connection of an air-to-water heat pump and
a water-to-water heat pump. The LT cycle re-
jects heat to an intermediate heat transfer fluid,
and this fluid then supplies heat to the evaporator
of the HT cycle. Therefore, the LT condenser and
the HT evaporator are separated by an intermedi-
ate liquid loop rather than being combined in one
refrigerant-to-refrigerant heat exchanger.

The main advantage of this configuration is
the convenience of assembly, installation and ad-
justment. The block-type connection of the two
heat pump stages makes the system more flexi-
ble for experimental testing and practical applica-
tion. At sufficiently high ambient temperatures,
the system can be operated with one of the cy-
cles disconnected, which reduces electricity con-
sumption during autumn and spring periods. The
drawback of this layout is the additional tem-
perature difference introduced by the intermedi-
ate heat transfer loop, which slightly reduces the
COP compared with the direct cascade arrange-
ment.

Figure 2 - Scheme of the air-to-water cascade heat
pump in the second configuration.

The third configuration (Fig. 3) is a modi-
fied cascade system with an additional air-source
evaporator installed in the HT cycle. Compared
with the second configuration, this layout does
not use an intermediate heat transfer fluid cir-
cuit between the two refrigerant cycles. Instead,
the operating mode is changed by three-way
valves, which allow the HT cycle either to receive
heat from the LT cycle through the condenser-
evaporator heat exchanger or to operate directly
with the additional air-source evaporator.

In the full cascade mode, the additional air-
source evaporator is blocked by the three-way
valve. The HT refrigerant receives heat from
the LT cycle through the condenser-evaporator
heat exchanger, and both compressors operate to-
gether. This mode is intended for low ambient
temperatures, when the required temperature lift
cannot be efficiently achieved by a single-stage
cycle. In the single-stage mode, the LT vapour
compression cycle is switched off and the three-
way valve blocks the connection with the LT cy-
cle. The HT cycle then operates as a conventional
air-source heat pump using the additional air-
source evaporator. This mode is suitable at out-
door air temperatures of about -10 ◦C and above.
This operating strategy avoids unnecessary opera-
tion of both compressors under moderate ambient
conditions and improves seasonal energy perfor-
mance.

Figure 3 - Scheme of the air-to-water cascade heat
pump in the third configuration.
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The pressure-enthalpy diagram corresponding
to cascade operation is presented in Fig. 4. State
points 1-4 describe the LT cycle: compressor suc-
tion, compressor discharge, condenser outlet and
expansion valve outlet, respectively. State points
5-8 describe the same processes in the HT cycle:
compressor suction, compressor discharge, con-
denser outlet and expansion valve outlet. There-
fore, processes 1-2 and 5-6 correspond to com-
pression, 2-3 and 6-7 to condensation, 3-4 and 7-8
to throttling, and 4-1 and 8-5 to evaporation.

In the present study, the system is analysed
mainly in cascade operation mode. The dual-
mode capability of the third configuration is con-
sidered as a design feature aimed at improving
seasonal performance under variable outdoor air
temperatures. The proposed configurations make
it possible to compare direct cascade coupling, in-
termediate heat transfer coupling and single-stage
switching as alternative layouts for an air-to-water
cascade heat pump in continental climate condi-
tions.

Figure 4 - Pressure-enthalpy diagram of the cascade
heat pump cycle.

MATHEMATICAL MODEL

The thermal performance of the cascade air-to-
water heat pump was projected using a numerical
model developed in Python. The thermophysical
properties of the selected refrigerant pairs were
obtained from the CoolProp library, which was
used to determine enthalpy, entropy, pressure,

temperature and saturation properties at the main
state points of the cycle. The input parameters
were chosen according to the meteorological con-
ditions of Astana, Kazakhstan. The heat output of
the cascade system was calculated for the refriger-
ant pairs presented at the end of this section. State
points 1, 2, 3 and 4 in Fig. 4 represent compressor
suction, compressor discharge, condenser outlet
and expansion valve outlet in the low-temperature
cycle, respectively. State points 3′ and 1′ cor-
respond to the refrigerant conditions after sub-
cooling and superheating. Similarly, state points
5, 6, 7 and 8 describe compressor suction, com-
pressor discharge, condenser outlet and expan-
sion valve outlet in the high-temperature cycle,
points 7′ and 5′ characterize the conditions after
subcooling and superheating. These parameters
are used to define the heat transfer processes and
close the thermodynamic model. The following
assumptions are considered for the modelling of
the cascade air-source heat pump:

1. The refrigerant compression processes are
accepted to be isentropic [3].

2. The condensation of refrigerant in the con-
densers and evaporators of both refrigeration
cycles are accepted to be constant pressure
processes [3].

3. The refrigerant expansion in an expansion
valve is assumed as isenthalpic [4].

4. The pressure losses in the suction and dis-
charge of both low and high temperature
compressor are neglected.

5. Compression processes isentropic efficien-
cies are considered according to [20] and
[21].

6. Compressors electric motor efficiencies are
assumed to be 0.85 [22].

7. Compressors mechanical efficiencies are as-
sumed to be 0.95 [22].

In addition, other model parameters, such as
the degree of subcooling (SC) in the condenser
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and superheating (SH) in the evaporator, as well
as the approach temperature differences (CAT) in
the evaporator and condenser [23], were set ac-
cording to Ref. [7].

The heat gain by the ambient-source evaporator
is provided by [24]:

Q̇evap,LT = ṁref,LT(h1 −h4). (1)

The low-temperature (LT) cycle compression
power is provided by the following equations
[20]:

Ẇcomp,LT = ṁref,LT(h2 −h1), (2)

Ẇcomp,LT =
ṁref,LT(h2s −h1)

ηisen,LT
, (3)

ηisen,LT = 0.98
(

T1′

T3′

)
. (4)

Eq. (2) defines the actual compression 1-2 accord-
ing to Fig. 4. Alternatively, Eq. (2) can be stated
in terms of Eqs. (3) and (4), where the numerator
of Eq. (3) describes ideal compression 1-2” ac-
cording to Fig. 4, with the assumption of an adia-
batic process [25]. Division by the isentropic ef-
ficiency gives the actual compression [4].

The LT cycle compressor power consumption
is given by:

Ẇelec,LT =
Ẇcomp,LT

ηmηtηelec
, (5)

Ẇcomp,total = Ẇcomp,HT +Ẇcomp,LT, (6)

where ηm is the mechanical efficiency of the com-
pressor, which is equal to 0.85; ηt is the effi-
ciency of transmission between the electric motor
and the compressor, where for direct coupling it
is equal to 1.0 [25]; and ηelec is the compressor
electric motor efficiency, which is equal to 0.95.

For the high-temperature (HT) cycle compres-
sion, the same approach is used as for the LT cy-
cle, Eqs. (2)-(5), leading to the following formu-
las:

Ẇcomp,HT = ṁref,HT(h6 −h5), (7)

Ẇcomp,HT =
ṁref,HT(h6s −h5)

ηisen,HT
, (8)

ηisen,HT = 0.98
(

T5′

T7′

)
. (9)

The total system power consumption is evalu-
ated using the following equation [26]:

Ẇelec,total = Ẇelec,HT +Ẇelec,LT +Ẇpump +Ẇfan.
(10)

Heat flux for the intermediate heat exchanger
functioning as the condenser for the low-
temperature side is given by [25]:

Q̇cond,LT = ṁref,LT(h2 −h3). (11)

The intermediate heat exchanger for the high-
temperature side is used as an evaporator in the
two-stage cascaded mode. Then, the evaporator
heat flux is calculated by [26]:

Q̇cond,LT = Q̇evap,HT = ṁref,HT(h5 −h8). (12)

The expansion processes in an expansion de-
vice are assumed to be isenthalpic for both low-
and high-temperature heat pump cycles. There-
fore, the enthalpies before and after expansion are
assumed to be constant:

h4 = h3, h7 = h8. (13)

The useful condenser heating capacity is de-
fined according to the formula:

Q̇cond,HT = ṁref,HT(h7 −h6). (14)

The cascaded refrigeration cycle COP is given
by [26]:

COPcycle =
Q̇cond,HT

Ẇcomp,LT +Ẇcomp,HT
. (15)

Since heat losses in the heat exchangers of the
cascaded system are not measured, the cascaded
system COP is calculated according to Eq. (16):

COPsystem =
Q̇cond,HT

Ẇelec,total
. (16)

The efficiency of the cascaded heat pump sys-
tem in terms of the second law of thermodynam-
ics is calculated by using a quality factor fq [25]:

fq =
COPsystem

COPlimit
. (17)
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The limit COP associated with the Carnot re-
verse cycle heat source and sink is determined us-
ing the following formula [25]:

COPlimit =
Tdel

Tdel −Tamb
, (18)

where Tdel is the delivery temperature and Tamb is
the ambient air temperature.

In addition, enthalpy and entropy values corre-
sponding to the pressure and temperature required
to calculate the system of Eqs. (1)-(18) are based
on the CoolProp database. For closing the sys-
tem of Eqs. (1)-(18), temperatures at the follow-
ing points are defined [6]:

T1 = Tamb −CATevap, T7 = Tdel −CATcond.
(19)

The compression ratios of the low-temperature
and high-temperature cycles are given by the fol-
lowing equations:

Pratio,LT =
P2

P1
, Pratio,HT =

P6

P5
. (20)

The system of Eqs (1)-(20) is solved by
the Python code with CoolProp database, tak-
ing as input parameters the condenser heat flux
Q̇cond−HT =15 kW, delivery temperature Tdel=
+60 ◦C and varying Tamb ambient air temperature.
The +60 ◦C delivery temperature was adopted in
agreement with the standards in the CIS coun-
tries for a comfortable hot water supply. In the
next section, the results of these calculations are
shown for refrigerant pairs adapted to the climate
of Kazakhstan.

RESULTS AND DISCUSSION

As mentioned above, Kazakhstan has a sharp
continental climate, particularly in its capital
Astana, where the average monthly temperature
is -15 ◦C during the heating season. On some
days, the temperature may drop from -30 ◦C to
-45 ◦C. Hence, for the low-temperature cycle,
refrigerants with low boiling points (below
-45 ◦C) were selected according to the data
of Table 1. These considerations led us to
select the following refrigerants pairs for the

low and high-temperature cycles respectively:
R410A/R290, R410A/R1234yf, R410A/R134a,
R410A/R407C, R32/R290, R32/R1234yf,
R32/R134a, R32/R407C, R404A/R290,
R404A/R1234yf, R404A/R134a, R404A/R407C,
R744/R290, R744/R1234yf, R744/R134a and
R744/R407C.

The calculations based on the proposed math-
ematical model were carried out only for the first
and third configurations operating in a two-stage
cascade mode. In these configurations, the inter-
mediate heat exchanger functions simultaneously
as the condenser for the low-temperature stage
and as the evaporator for the high-temperature
stage.

Figures 5-8 show the variation of the system
COP as the ambient temperature varies from -50
◦C to +10 ◦C.

According to Fig. 5, the refrigerant pair
R32/R134a exhibits the highest system COP
among the configurations employing R32 in the
low-temperature cycle; however, its operation is
limited to ambient temperatures above -32 ◦C. In
contrast, the R32/R290 pair ensures stable oper-
ation at lower ambient temperatures, down to -
38 ◦C, with only a marginal decrease in perfor-
mance. At an ambient temperature of +10 ◦C, the
system COP values of R32/R134a and R32/R290
are 2.56 and 2.53, respectively, indicating compa-
rable efficiency.

According to Fig. 6, the refrigerant pair
R410A/R134a exhibits the highest system COP
among configurations employing R410A in the
low-temperature (LT) cycle, reaching a value of
2.54 at an ambient temperature of +10 ◦C. How-
ever, its performance decreases to a COP of 1.79
at -32 ◦C. At the lowest considered ambient tem-
perature (-38 ◦C), the best performance among
configurations with R410A in the LT cycle is
achieved by the R410A/R290 pair, with a COP
of 1.67.

The results presented in Fig. 7 indicate that the
R404A/R134a refrigerant pair achieves a system
COP of 2.51 at an ambient temperature of +10
◦C, which decreases to 1.77 at -32 ◦C. Among the
configurations employing R404A in the LT cycle,
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Table 1 – Thermodynamic properties of the refrigerants considered in this study.

Refrigerant Molecular mass
Critical

temperature
(◦C)

Critical
pressure
(MPa)

Boiling
point
(◦C)

ASHRAE
code ODP GWP

100 yr

R32 52.02 78.2 5.80 -51.7 A2L 0 650
R134a 102.03 101.1 4.06 -26.1 A1 0 1430
R407C 86.20 86.4 4.63 -43.6 A1 0 1700
R410A 72.60 72.0 4.93 -51.5 A1 0 1890
R404A 97.61 72.07 3.73 -46.45 A1 0 3922
R290 44.10 96.7 4.25 -42.2 A3 0 20
R744 44.01 31.1 7.38 -78.4 A1 0 1
R1234yf 114.00 94.0 3.38 -30.0 A2L 0 4

Figure 5 - System COP as a function of outdoor air
temperature for R32-based refrigerant pairs.

only the R404A/R290 pair is capable of operating
at -37 ◦C, with a COP of 1.67.

The last four refrigerant pairs are capable of
operating at an ambient temperature of -41 ◦C
due to the use of low-boiling-point carbon dioxide
(R744, -78.4 ◦C) in the LT cycle (see Fig. 8). Un-
der these conditions, the highest system COP of
1.62 is achieved by the R744/R134a pair, while
the R744/R290 configuration exhibits a slightly
lower COP of 1.60.

The operational limits in terms of minimum
ambient temperature and heating supply tempera-
ture (+60 ◦C) for the investigated refrigerant pairs
are primarily governed by the permissible com-
pression ratio, as defined in Eq. (20), for both
the low- and high-temperature stages of the cas-

Figure 6 - System COP as a function of outdoor air
temperature for R410A-based refrigerant pairs.

cade heat pump. In practical applications, the
compression ratio is typically limited to 9–10 to
maintain compressor reliability and ensure effi-
cient system performance [27]. Fig. 9 illustrates
the relationship between system COP and the cor-
responding compression ratios for the analyzed
refrigerant pairs.

The results presented in Fig. 9 correspond to
an ambient temperature range from -30 ◦C to a
heating supply temperature of +60 ◦C for a 15 kW
air-to-water cascade heat pump operating in the
first and third configurations.

According to Fig. 9, for the twelve refriger-
ant pairs excluding R744, the compressor in the
LT stage operates near its maximum allowable
limit, with compression ratios approaching 10
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Figure 7 - System COP as a function of outdoor air
temperature for R404A-based refrigerant pairs.

[27]. Due to the lower heating capacity of the
LT cycle compared to the HT cycle, the power
consumption of the LT compressor remains lower
than that of the HT compressor. Therefore, from a
system efficiency perspective, it is advantageous
to utilize the LT compressor as intensively as
possible, thereby reducing the load on the more
power-demanding HT compressor and improving
the overall COP.

In contrast, for the four refrigerant pairs em-
ploying R744 in the LT cycle, the situation is re-
versed. Owing to the high critical pressure of
R744, significantly higher compression work is
required in the LT stage, necessitating more pow-
erful compressors. As a result, shifting a greater
portion of the load to the HT compressor becomes
beneficial for enhancing system COP.

Furthermore, refrigerant pairs incorporating
R290 (propane) exhibit relatively low compres-
sion ratios, which enables stable operation at
lower ambient temperatures. In contrast, config-
urations using R407C and R134a in the HT cycle
tend to operate close to the compressor capacity
limits within the considered temperature range.

From an environmental perspective, the fu-
ture applicability of the investigated refrigerant
pairs is subject to increasingly stringent interna-
tional regulations. The Montreal Protocol ini-
tiated global actions to protect the ozone layer

Figure 8 - System COP as a function of outdoor air
temperature for R744-based refrigerant pairs.

Figure 9 - Variation of the system COP and
compression ratios for different refrigerant pairs.

by phasing out ozone-depleting substances; all
refrigerant pairs considered in this study ex-
hibit zero ozone depletion potential (ODP). Sub-
sequently, the Kyoto Protocol introduced com-
mitments to reduce greenhouse gas emissions,
including high-global-warming-potential (GWP)
refrigerants. More recently, the Paris Agreement
established targets to limit global temperature rise
to well below 2 ◦C, further strengthening the need
for low-GWP alternatives.

In addition, the Kigali Amendment mandates a
gradual phase-down of hydrofluorocarbon (HFC)
refrigerants worldwide, with significant reduc-
tions scheduled from 2024 onward and long-
term limits extending to 2036–2047 depending on
country groups. In this context, high-GWP refrig-
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erants such as R404A (GWP ≈ 3750), R410A
(GWP ≈ 1890), R407C (GWP ≈ 1700), and
R134a (GWP ≈ 1410) are expected to face pro-
gressive restrictions and eventual phase-down.

Consequently, current research and indus-
trial trends are focused on the adoption of
low-GWP synthetic refrigerants (e.g., R32,
R1234yf, R1234ze) and natural refrigerants
(e.g., R744 (CO2), R717 (NH3), and R290
(propane)). Among the refrigerant pairs ana-
lyzed in this study, several combinations demon-
strate high thermodynamic performance, includ-
ing R32/R134a, R410A/R290, R410A/R134a,
R404A/R134a, and R744/R134a. However, due
to environmental constraints, some of these pairs
may only be considered transitional solutions.
For instance, the R32/R290 pair can be regarded
as an interim option because R32 still possesses
a relatively high GWP (∼550).Although R290
(propane) demonstrates excellent thermodynamic
performance and very low environmental impact,
its flammability (ASHRAE safety classification
A3) requires careful consideration in practical ap-
plications. The safe deployment of R290-based
heat pump systems requires compliance with rel-
evant safety standards, refrigerant charge limi-
tations, proper ventilation, and leak prevention
measures. Nevertheless, recent advances in sys-
tem design and safety regulations have signifi-
cantly increased the feasibility of using R290 in
residential and commercial heat pump applica-
tions.

Overall, considering both environmental
impact and system performance (COP), the
R744/R290 refrigerant pair emerges as the
most promising solution among the investigated
options. This combination offers a favorable
balance between low environmental impact
and high thermodynamic efficiency, making it
particularly suitable for future cascade air-source
heat pump applications.

Configuration 1 achieves a system COP of ap-
proximately 2.0 with the lowest total power con-
sumption among the three configurations. Con-
figuration 2 shows a slightly lower COP (≈1.9)
and increased power demand. Configuration

3 maintains a COP similar to Configuration 1
(≈2.0) but exhibits the highest total power con-
sumption.

Overall, cascade heat pump configurations re-
quire about 47% higher electricity consumption
compared to single-stage systems due to the oper-
ation of multiple compressors and increased sys-
tem complexity.

The results show that the first and third config-
urations exhibit the highest efficiency in terms of
COP across the considered ambient temperature
range. The second configuration demonstrates a
slightly lower efficiency, with a reduction of ap-
proximately 4.6% compared to the other two con-
figurations. However, it offers practical advan-
tages related to system assembly, installation, and
operational flexibility. Notably, the second stage
can be deactivated at ambient temperatures above
-10 ◦C, enabling operation in a single-stage mode.
Under these conditions, the system achieves con-
siderable savings in electricity consumption while
maintaining a relatively high COP.

At present, the authors have developed a
laboratory-scale prototype of an air-to-water heat
pump operating in Configuration 1, utilizing the
refrigerant pair R410A/R134a. These refriger-
ants are widely available on the market and can
be readily serviced under current conditions. The
experimental setup is currently being used to con-
duct a series of performance tests and operational
analyses.

Fig. 10 presents the real-time monitoring in-
terface of the experimental setup. Key parame-
ters displayed include indoor and outdoor temper-
ature, relative humidity, and solar radiation inten-
sity. The centralized data acquisition and control
system enables continuous recording of all oper-
ating conditions, facilitating accurate monitoring
and analysis throughout the experiments.

In addition, the integrated meteorological sta-
tion allows for the incorporation of various re-
newable energy systems into the existing cascade
heat pump prototype, such as solar thermal col-
lectors, photovoltaic (PV) panels, solar concen-
trators, and wind turbines. This flexibility pro-
vides opportunities for future hybrid system in-
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Figure 10 - Data monitoring interface of the
meteorological station.

Figure 11 - Data monitoring interface of the cascade
air-to-water heat pump system.

vestigations and enhances the applicability of the
experimental platform for renewable energy inte-
gration studies.

Fig. 11 illustrates the design of the experimen-
tal cascade heat pump prototype, with eight tem-
perature sensors installed at key locations within
the system. The setup comprises two compres-
sors, an air-source evaporator, a condenser, and an
intermediate condenser–evaporator serving as the
coupling between the low- and high-temperature
circuits, two expansion valves (TEV 1 and TEV
2), a circulation pump, and a hot water storage
tank.

In addition, the system is equipped with auxil-
iary safety components and piping arrangements,
including pressure relief valves, check valves, fil-
ters, and instrumentation for pressure and flow
control, ensuring safe, stable, and reliable oper-
ation during experimental testing.

CONCLUSIONS

This study evaluated the thermodynamic perfor-
mance of three air-to-water cascade heat pump
configurations using sixteen refrigerant pairs un-
der cold climate conditions. The results show
that R32/R134a and R410A/R134a achieve the
highest COP, reaching up to 2.56 at +10 ◦C and
about 1.98 at -30 ◦C; however, their applicability
is limited by environmental constraints and oper-
ating range. Systems using R744 enable opera-
tion at extreme low temperatures down to -41 ◦C,
with COP values of 1.62 (R744/R134a) and 1.60
(R744/R290).

The analysis confirms that compressor pressure
ratio (≈9–10) is a key limiting factor, particularly
in the low-temperature stage. Among the con-
figurations, Configurations 1 and 3 demonstrate
the highest efficiency (COP ≈ 2.0), while Con-
figuration 2 shows a ∼4.6% lower COP but offers
improved operational flexibility, including single-
stage operation above -10 ◦C. Cascade systems
exhibit approximately 47% higher electricity con-
sumption compared to single-stage systems.

From an environmental and performance per-
spective, R32/R290 can be considered a transi-
tional solution, whereas R744/R290 is identified
as the most promising long-term refrigerant pair.
Experimental validation using a developed proto-
type is ongoing, and future work will focus on
low-GWP refrigerants and system optimization
under real operating conditions.
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