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Abstract—The presented research focuses on the comparison 

of a single-stage cycle heat-pump and a single-stage cycle heat 

pump with internal exchangers, investigating the thermodynamic 

and heat transfer processes of the heat-pumps’ cycles. The 

investigation is performed by establishing the mathematical 

models using algebraic equations. The numerical investigation 

takes into consideration the influence of the evaporation and 

condensation temperatures on the heat-pumps’ coefficients of 

performance, as well as on the compression powers, the mass 

flow rates of the cooling medium, and the heating capacities of 

both heat-pump systems. The simulation program is based on 

steady state mathematical models of the refrigeration circuits, 

including the compressors, heat exchangers and thermostatic 

expansion valves. The numerical investigation is performed by 

using commercial software. 

Keywords—heat pump, internal heat exchanger, mathematical 

model, simulation 

I.  INTRODUCTION  

Nowadays, the energy efficiency is one of the main 
aspects, which is taken into consideration. There is a high 
energy demand, both in developed, but also in developing 
societies, while the classic energy sources are draining. Also, 
classic energy sources produce huge waste levels. Increasing 
the efficiency of energetic processes has been in the focus of 
attention in almost all countries worldwide as modern 
economies and societies require and use more and more 
energy. At the same time, problems are accumulating with the 
use of traditional energy resources, including, primarily, 
expanding detrimental impacts on the environment. The 
highly significant role fossil fuels are supposed to play in 
climate change has been made explicit in the course of the past 
decade. 

The highest levels of energy saving can be obtained by 
reasonable energy production and use. The buildings should 
be insulated, and the heating facilities should be chosen and 
used carefully. The optimization of the coefficient of 
performance (COP) of the heat pump requires the exact 
definition of the appliance, regarding its structure and 
operation, having in mind the physical and the mathematical 
modeling and optimization [1,2,3]. Some researchers 
theoretical and experimentally investigation the performance 

of the use of the IHX technology in single-stage refrigeration 
systems. 

For instance, Lorentzen and Pettersen [3] were the first 
researchers who proposed the use of an IHX in the basic 
transcritical cycle. Aprea et al. [4] experimentally evaluated 
the energy performance of the transcritical CO2 system using 
an IHX. Results showed that the cycle COP was improved by 
up to 10.5% with use of IHX as the air temperature at gas-
cooler inlet decreased from 40 to 25 °C. Through the 
experimental study, Aprea and Maiorino [5] discovered that 
the use of IHE can increase COP by 10% in the residential 
application. Cavallini et al. [6] experimentally and 
theoretically studied the performance of a two-stage 
compression cycle with an IHX. The experimental analysis 
indicated that IHX increased the specific cooling capacity and 
reduced the optimum high pressure. Hence the use of the IHX 
could improve the cycle COP up to approximately 10%. 
Torrellaet al. [7] experimentally found that the IHE addition in 
transcritical CO2 refrigeration system provides a maximum 
increase in cooling capacity of 12%, an increase of the cycle 
COP of up to 12% and a maximum increase of the discharge 
temperature of 10 °C at −15 °C evaporating temperature. 
Ituna-Yudonago et al. [8] The study is focused on the impact 
of the variation in temperature and mass flow at the inlet 
boundary of both hot and cold streams, on the CO2 
thermophysical properties, the heat transfer rate and thermal 
effectiveness of an internal heat exchanger, and therefore the 
overall coefficient of performance of a transcritical 
refrigeration system. Cho et al.[9] found that the cooling 
capacity and COP can be improved by 6.2%–11.9% and 
7.1%–9.1% respectively owing to the IHE addition in the 
transcritical CO2 cycle. Domanski et al. [10] studied 
experimentally the system performance and the 
thermodynamic benefits of IHX using CO2 and R-134A. Park 
et al. [11] analyzed the thermal performance on IHX with a 
circular coil type. Boewe et al. [12] indicated up to 25% 
improvement in the COP, as compared to the cycle without 
IHX. Rozhentsev and Wang [13] reported that the COP may 
decrease when the size of the internal heat exchanger is high. 
Mu et al. [14] showed that IHX with a wide capacity can 
lower the optimum high-side pressure. Yamasaki et al. [15] 
proved through an experimental study that the IHX improves 
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the efficiency of the refrigeration cycle. Sarkar et al. [16] 
showed that the use of an IHX may be profitable at higher 
refrigerant temperatures at the gas cooler exit. Zhang et al. 
[17] found that the COP is slightly decreased by an IHE in a 
CO2 subcritical refrigeration cycle. Through experimental and 
theoretical studies, Rigola et al. [18] found that the IHE 
addition increases cycle COP by about 20% at a gas cooler 
outlet temperature of 35 °C. 

The aim of the paper is to compare the thermodynamic 
processes of a single-stage cycle heat-pump and a single-stage 
cycle heat pump with internal exchangers, investigating the 
thermodynamic and heat transfer processes of the heat-pumps’ 
cycles. The used refrigerant is R134a. 

II. DEVELOPMENT OF THE MATHEMATICAL MODEL 

The mathematical model enables to obtain the optimal 
system characteristics, life-cycle parameters and cost 
determination [19]. The physical model of the major elements 
of the heat pump system is shown in Fig. 1 and 2. The heat-
pump without an internal exchanger is presented in Fig. 1, 
while the heat pump with internal exchanger is presented in 
Fig. 2. 
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Fig. 1. Heat pump without IHX 
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Fig. 2. Heat pump with IHX 

A.  Heat exchangers 

The mathematical definition of the heat exchangers is 
performed by using models with concentrated parameters, 
because the processes’ variables, and their interaction are not a 
function of the position, i.e. the coordinates. This 
mathematical model is widely used because it is relatively 
simple, and determined. A simple analysis of standard vapor 
compression heat pump system can be carried out by 
assuming:  

 steady-state operation mode,  

 lumped parameters, 

 pressure drop in exchangers is small therefore are 
neglected,  

 the wall thermal resistance is too small so it has been 
neglected.  

The steady flow energy equation is applied to each of the 
five components [20]. 

Evaporator 

Heat transfer rate in evaporator �̇�𝑜 is given by: 

�̇�𝑜 = �̇�𝑟𝑒𝑓 ∙ (h1 − h2)                                        (1) 

The evaporator has been modeled by dividing it the two 
zones (Eq.2) associated with the state of the refrigerant: 
evaporation (Eq.3) and superheating (Eq.4).  

𝑄�̇� = �̇�𝑒𝑣𝑎 + �̇�𝑠ℎ.    (2) 

�̇�𝑒𝑣𝑎 = �̇�𝑟𝑒𝑓 ∙ (h1 − h1∗).   (3) 

�̇�𝑠ℎ = �̇�𝑟𝑒𝑓 ∙ 𝑐𝑝,𝑣𝑎𝑝𝑜𝑟 ∙ (𝑇1∗ − 𝑇2).  (4) 

The required evaporator area is given by the equation: 

�̇�𝑜 = 𝑈 ∙ 𝐴 ∙ ∆𝑇𝑙𝑛 .    (5) 

The heat received by the cooling water: 

�̇�𝑜 = �̇�ℎ𝑤 ∙ 𝑐𝑝,𝑤𝑎𝑡𝑒𝑟 ∙ (𝑇2 − 𝑇1).  (6) 

Condenser 
The total heat rejected in the condenser, Qc is given by: 

�̇�𝑐 = �̇�𝑟𝑒𝑓 ∙ (h3 − h4).   (7) 

The equations which determine the model are based on 
energy balance. The condenser is divided into three zones 
(Eq.8); the superheated section (Eq.9), the condensation 
(Eq.10), and the sub-cooling section (Eq.11). 

𝑄�̇� = �̇�𝑠ℎ + �̇�𝑐𝑜𝑛 + �̇�𝑠𝑐 .   (8) 

�̇�𝑠ℎ = �̇�𝑟𝑒𝑓 ∙ 𝑐𝑝,𝑣𝑎𝑝𝑜𝑟 ∙ (𝑇3 − 𝑇3∗).  (9) 

�̇�𝑐𝑜𝑛 = �̇�𝑟𝑒𝑓 ∙ (h3∗ − h3∗∗).    (10) 

�̇�𝑠𝑐 = �̇�𝑟𝑒𝑓 ∙ 𝑐𝑝,𝑙𝑖𝑞𝑢𝑖𝑑 ∙ (𝑇3∗∗ − 𝑇4).  (11) 

The required condenser area is given by the equation: 

�̇�𝑐 = 𝑈 ∙ 𝐴 ∙ ∆𝑇𝑙𝑛 .     (12) 

The heat received by the heating water: 

�̇�𝑐 = �̇�ℎ𝑤 ∙ 𝑐𝑝,𝑤𝑎𝑡𝑒𝑟 ∙ (𝑇3 − 𝑇4).   (13) 
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Internal heat exchanger 

At the heat exchanger, the high temperature liquid cooling 
working fluid transfers heat to the low temperature vapor 
cooling working fluid. At the inner heat exchanger, the flow 
rates of both fluids are the same, but the flows are counter 
flows. The heat exchanger is insulated regarding the 
surroundings. The energy conservation equation can be 
defined as: 

�̇�𝐼𝐻𝑋 = �̇�𝑟𝑒𝑓 ∙ 𝐶𝑝,𝑙𝑖𝑞𝑢𝑖𝑑 ∙ (𝑇4 − 𝑇4∗) = �̇�𝑟𝑒𝑓 ∙ 𝐶𝑝,𝑣𝑎𝑝𝑜𝑟 ∙
(𝑇2∗ − 𝑇2).      (14) 

The required heat exchanger area is given by the equation: 

�̇�𝐼𝐻𝑋 = 𝑈 ∙ 𝐴 ∙ ∆𝑇𝑙𝑛 .    (15) 

B. Compressor 

 The compressor as a system component can be 
described by the enthalpy change specified by the 
compression ratio and the internal efficiency of the 
compressor. Power input to the compressor, P is given by: 

𝑃 = �̇�𝑟𝑒𝑓 ∙ (ℎ3 − ℎ2(2∗)) ∙
1

𝜂
.    (16) 

C. Expansion valve 

The expansion valve (proportioning valve) is intended to 
supply appropriate quantities of refrigerant to the evaporator 
in function of overheating. Isenthalpic throttling is assumed in 
operation. The mass flux of the refrigerant flowing through the 
expansion valve is:  

𝐺 = 𝐶 ∙ √∆𝑝 ∙ 𝜌𝑓 .     (17) 

 
III. RESULTS AND DISCUSSION 

The experimental investigation of any heat pumps system 
is usually very complicated, mainly due to the financial costs 
and the large number of variables involved [21]. The use of 
numerical models can reduce the costs and also facilitate 
understanding the phenomena related to the problem [22], 
[23], [24]. In the presented research, the status indicators and 
their change of two compared heat-exchangers were 
determined. The investigation is performed by using different 
evaporation and condensation temperatures, and by changing 
the cooling capacity of the heat pumps.  

The parameters used during the simulation are the 
following:  

 Refrigeration: R134a 

 Evaporation temperature: 𝑡𝑜 = −10, −5, 0, 5, 10,
15 [℃]. 

 Condensation temperature:𝑡𝑐 = 35, 40, 45, 50, 55,
60, 65, 70 [℃]. 

 Cooling capacity : 𝑄𝑜 = 1, 3, 5, 7, 9 [℃]. 
 Efficiency of the compressor: 𝜂 = 0.763. 

 Min.temperature in the internal heat exchanger: 𝑇 =
5 [𝐾] 

The simulation results are presented graphically in the 
following figures (from Fig.3 to Fig.6). 

Additionally to each figure, a short discussion is given 
regarding the obtained results. 

 

Fig. 3. Comparison of COP values with and without internal 
exchanger. 

In Fig. 3, COP values in the case of a heat pump with and 
a heat pump without internal heat exchangers are presented. 
The average value of COP in the case of a heat pump with 
internal heat exchanger is higher by 5.4%. The highest 

discrepancy is 12.28% for 𝑡𝑜 = −10 [℃], 𝑡𝑐 = 70 [℃], and 

𝑄
𝑜

= 9 [𝑘𝑊]. For 𝑡𝑜 = 10 [℃], 𝑡𝑐 = 35 [℃], and 𝑄
𝑜

=

1 [𝑘𝑊], the COP values are similar. 

 

Fig. 4. Comparison of heating capacities with and without 
internal exchanger. 

In Fig. 4, the heating capacities are presented, both with 
and without internal exchangers. The average value of heat 
capacity in the case of a heat pump with internal heat 
exchangers is 2.27% lower than in the case of a heat pump 
without internal heat exchangers. The highest Qc discrepancy 

is 8.33% for 𝑡𝑜 = −10 [℃], 𝑡𝑐 = 70 [℃], 𝑄
𝑜

= 7 [𝑘𝑊]. For 

𝑡𝑜 = 10 [℃], 𝑡𝑐 = 35 [℃] the Qc values are similar. 
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Fig. 5. Comparison of power demand with and without 
internal exchanger. 

In Fig. 5, the power demands are presented, both with and 
without internal exchangers. The average value of power 
demand in the case of a heat pump with internal heat 
exchangers is 7.5% lower than in the case of a heat pump 
without internal heat exchangers. The highest discrepancy is 

19.28% for 𝑡𝑜 = −10 [℃], 𝑡𝑐 = 70 [℃], 𝑄
𝑜

= 7 [𝑘𝑊]. For 

𝑡𝑜 = 10 [℃], 𝑡𝑐 = 35 [℃], and 𝑄
𝑜

= 1 −  5 [𝑘𝑊], the values 

are similar. 

 

Fig. 6. Comparison of mass flow with and without internal 
exchanger. 

In Fig. 6, the mass flows are presented, both with and 
without internal exchangers. The average value of mass flow 
in the case of a heat pump with internal heat exchangers is 
23.44% lower than in the case of a heat pump without internal 

heat exchangers. The highest discrepancy is 39.97% for 𝑡𝑜 =
−10 [℃], 𝑡𝑐 = 70 [℃], 𝑄

𝑜
= 1, 3, 5, 7, 9 [𝑘𝑊]. For 𝑡𝑜 =

10 [℃], 𝑡𝑐 = 35 [℃], and 𝑄
𝑜

= 1 −  9 [𝑘𝑊], the lowest 

discrepancy is 8%. 

IV. CONCLUSIONS 

The simulation results in the case of the heat-pump with 
internal heat exchangers and the heat-pump without heat 
exchangers made it possible to determine the processes inside 
them. In Fig. 3 to Fig. 6, the changing values of the 
thermodynamic properties of the two heat-pumps were 
compared. The results of the comparison made it clear that the 
heat-pump with the internal heat exchangers has higher COP 
values for the given conditions (Fig. 3). This result could be 
explained by lower heat capacities of the compressor, due to 

the fact that the inlet cooling medium is preheated with the 
outlet heating medium from the condenser. The simulation 
also presented that the power demand (Fig. 5) in the case of 
the heat-pump with internal exchanger is lower, but the value 
is not significantly lower than in the case of the heat pump 
without internal heat exchanger. 

Higher values of COP is an advantage, but the heat pump 
without internal heat exchangers also has some disadvantages, 
because of higher investments, and the pressure loss of the 
working fluid in the heat exchanger has to be covered by 
additional mechanical work. 
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