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Energy analysis of the heat pump operating with 
supercritical CO2 driven by thermal compression. 
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Abstract: One way for reducing energy consumption is to recover energy from the environment using a heat pump. 
However, the energy for the compressor of electric heat pumps is mainly provided by electricity, which has 
associated energy losses during its production, transmission, and distribution. This present study considers an 
alternative approach where the compression is carried out by thermal energy generated through the combustion 
of a gaseous fuel. Improving the performance of this compressor depends on its design and the efficiency of heat 
exchange between CO2 and the heat source. This case study utilizes experimental analysis and modeling to explain 
and characterize the functioning of a thermal compressor in a heat pump system. 
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Nomenclature 
COP Heat pump Coefficient of Performance mec Mechanical efficiency 
EHP Electric Heat Pump tot Total energy efficiency  
GHP Primary energy gain factor wh Efficiency to recover the waste heat 
GEHP Gas driven Engine Heat Pump  Heat exchanger efficiency 

GEU Gas Utilization Efficiency  Pressure ratio 
GSHP Gas Sorption Heat Pump Subscripts  
GTHP Gas driven Thermal compression Heat Pump asp aspiration 
GWP Global Warming Potential B Buffer 
HP High Pressure (bar)  dis discharge 
LP Low Pressure (bar) evap Evaporator 
m Mass (kg) ext Exterior 
n Total Number of Stages gc Gas cooler 
P Pressure (bar) HP Heat pump 
PER Primary Energy Ration HS Heat Supplied 
PLR Partial Load Ratio in inlet 
𝑸̇ Heat flow (kW) opt optimum 
QC Heat recovered from the environment (kWh) out Outlet 
QP Primary energy (kWh) sat saturation 
QHP Thermal energy produced by HP (kWh) W Water 
SPF Seasonal Performance Factor WB Water box 
Ẇelec Electrical power (kW) EV Exhaust valve 
WHP Electrical energy (kWh) IV Inlet valve 
c Conventional heating system efficiency   

                                                           
* Corresponding author. 
E-mail address: hossein.fallahsohi.ext@boostheat.com 
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I. Introduction 
In recent years, researchers have been working on solutions to reduce the environmental impact of energy 

systems. One of the solutions that can be used to reduce greenhouse gas emissions is to increase the efficiency of 
energy systems, particularly in the HVAC sector. A heat pump allows heat to be extracted from a cold source and 
transferred to a hot source via a compressor that circulates refrigerant between the two sources. On the one hand, 
this compressor is driven by an energy vector, which is mainly electricity. However, the production of electricity 
consumes primary energy, which must be considered for energy, exergy, economic and environmental analysis. 
On the other hand, the conventional refrigerants used in HVAC systems have a high global warming potential 
(GWP). Due to restrictions imposed by international climate change conferences, there are limitations on the use 
of high GWP refrigerants [1]. Due to the expected limitations, it is recommended to use low-GWP refrigerants. 
There are studies on the properties of both natural and synthetic refrigerants that allow the replacement of low-
GWP refrigerants with higher-GWP refrigerants. [2]– [5]. By changing refrigerant, obviously due to that the 
energy efficiency of heat pumps as a refrigeration system changes. Consequently, the replacement of a refrigerant 
by another can only be relevant if the latter offers better energy consumption or is comparable to the existing one. 
Therefore, the first step can be to choose a refrigerant. CO2 can be chosen as a natural refrigerant thanks to its 
attractive properties [6] : it is close to a perfect gas, environmentally friendly, safe, cheap, and more compact in 
terms of component and pipe dimensions [7]. In addition, CO2 is non-toxic, non-flammable, compatible with 
materials and various oils used in the refrigeration industry. The critical temperature of CO2 is low (30.98°C) [8] 
. The thermodynamic cycle by circulating CO2 as the primary fluid is often transcritical because of its low critical 
temperature. The properties of supercritical fluids are different from those of a gas or a liquid but are included 
between them (Table 1). Their viscosity is close to that of a gas, their density is close to that of a liquid, and their 
diffusivity is very high compared to that of a liquid, which facilitates their penetration into porous media. 

 
Fluid stat Density [kg/m3] Viscosity [µ Pa. s] Diffusivity [cm2.s-1] 

Gas 0.6 to 2 10 to 30 0.1 to 0.4 
Supercritical 200 to 500 10 to 30 0.5×10-3 to 4 ×10-3 

Liquide 600 to 1600 200 to 3000 0.2 ×10-5 to 2 ×10-5 

Table 1.Comparison of the orders of magnitude of the properties of a fluid in gaseous, supercritical, and liquid         
states ([9], [10]). 

 
The CO2 transcritical cycle operates at high pressures, while its compression ratio is lower than a 

subcritical cycle with other refrigerants at equivalent working conditions [11]. High working pressure, which leads 
to an increase in compressor performance due to lower compression ratio, as well as it allows to reduce the size 
of the system. In fact, two factors reduce the size of the system, one is the high working pressure and the other is 
the low molar mass of CO2. The high pressures result in high latent heat of vaporization and volumetric heat 
transfer, and the low liquid to vapor density ratio results in high heat transfer rate [12]. In this state, the viscosity 
is low, so the pressure drop during heat transfer can be ignored. Despite these advantages of the transcritical cycle, 
working at high pressures can also lead to disadvantages as the irreversibility loss in expansion processes 
increases. Thus, in a basic cycle, the loss of exergy in the throttle valve of a transcritical cycle of CO2 is higher 
than that of other refrigerants [13]. To improve the performance of the transcritical cycle of CO2, i.e., to reduce 
the exergy loss, various modifications of the basic cycle are possible: internal heat exchangers (IHX), ejectors, 
expanders, subcooling, flash gas bypass, parallel compression, two-stage compression, evaporative cooling, and 
CO2-based mixtures. [14]. Therefore, the modified configuration of a heat pump operating with the transcritical 
CO2 cycle can be improved and thus compete with those operating with conventional refrigerants. 

The non-flammability of CO2 as a refrigerant makes it possible to use primary energy such as natural gas 
or waste heat in a heat pump whose compressor operates on thermal energy. This article presents the application 
of thermal compression in a heat pump. Through modeling and experimentation, the behavior of the system, 
including the thermal compressor, is analyzed, and explained to enhance its operation. 
 

II. Energy chain of TDHP 
A heat pump is a system that extracts heat from the surrounding environment and transfers it to the 

desired location via a compressor. This method is more efficient than systems that generate heat through fuel 
combustion or the Joule effect. However, the compressor in a heat pump requires energy and is usually powered 
by electricity. Therefore, when evaluating a heat pump, it is important to consider both its heating efficiency and 
energy consumption. The first aspect of concern pertains to the environmental impact arising from the 
consumption of primary energy, its transmission and distribution, and its conversion for operating a heat pump, 
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as well as the usage of the refrigerant. The second aspect deals with the energy efficiency of a heat pump. 
Analyzing an energy chain precisely assesses the two aspects mentioned above. 

The energy chain refers to the flow of energy from primary sources to useful energy. Undoubtedly, in 
this process, there will be losses associated with the conversion, transmission, and distribution of energy. 
Traditional power plants typically convert only about 30% of the available energy from a fuel into electrical 
power. Highly efficient combined-cycle power plants convert approximately 50% of the available energy into 
electrical power[15] . The chemical energy used in the power plant is the primary energy source for the electric 
heat pump. The lower heat value (LHV) of fuels like natural gas can be used to estimate this energy. Figure 1 
displays the energy system's chain. 

 

 
Figure 1. Chain of energy for electric heat pump 

 
The primary energy 𝑄௉  that is used to convert to the electricity 𝑊ு௉ required to operate the electric heat pump 
is defined as in Eqs. 1: 

       𝑄௉ [𝑘𝑊ℎ] =
ௐಹು[௞ௐ௛]

ఎ೟೚೟
                     (1) 

Where 𝜂௧௢௧ is total energy efficiency of the energy chain, including power plant losses and transmission and 
distribution losses within the network.  
Emphasizing that an electric heat pump is a system that converts electricity to heat 𝑄ு௉, the coefficient of 
performance is defined as Eqs. 2: 

         𝐶𝑂𝑃ு௉ =
ொಹು[௞ௐ௛]

ௐಹು[௞ௐ௛]
              (2) 

𝑄௉ the primary energy consumed by an electric heat pump is obtained from Eqs.1 and 2: 

𝑄௉ [𝑘𝑊ℎ] =
ொಹು[௞ௐ௛]

ఎ೟೚೟ .  ஼ை௉ಹು 
               (3) 

As stated in Eq.4, The product 𝜂௧௢௧  .  𝐶𝑂𝑃 represent the primary energy ratio (PER), which is the ratio of useful 
energy output to total energy input: 

𝑃𝐸𝑅ாு௉ = 𝜂௧௢௧  .  𝐶𝑂𝑃            (4) 
Consequently, it is possible to estimate the primary energy gain factor of a heat pump Gு௉ , by comparing it with 
a conventional heating system like electric heating or fuel boilers: 

Gு௉ =
௉ாோ

ఎ೎.ఎ೛
− 1            (5) 

Where 𝜂௖ represents the energy efficiency of a conventional heating system. An electric heater is considered to 
have a 𝜂௖ value of 1, while a fuel boiler ranges between 0.5 to 0.95 depending on the fuel boiler [16]. Also, 𝜂௣ 
represents the efficiency of the system that converts the primary energy into the input energy vector for the 
conventional system. For example, for an electric heater 𝜂௣ = 𝜂௧௢௧, while for a fuel boiler that directly consumes 
primary energy, 𝜂௣ = 1.  
Now the thermal driven heat pump (TDHP) can be compared to the electrically driven heat pump. According to 
the energy chain illustrated in Figure 2, primary energy can be utilized directly in the TDHP.  

 
Figure 2. Chain of energy for TDHP 
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Natural gas is presently the main source of energy used in thermal-driven heat pump systems.  
The gas driven heat pump systems can be categorized into three main types: gas-driven sorption heat pumps 
(GSHPs), gas-driven engine heat pumps (GEHPs) and gas-driven thermal compression heat pumps (GTHPs).  
GSHP: The PER of a sorption heat pump can be as high as 1.4, depending on the technology [17]. The COP is 
measured under nominal conditions during laboratory tests. The heat pump's performance is heavily influenced 
by the source's characteristics and thermal load [18]. So, for a more objective evaluation, it is necessary to use the 
Seasonal Performance Factor (SPF), which is the ratio of delivered useful energy to consumed driving energy for 
the heat pump. A quantitative comparison elucidates the benefit of a sorption heat pump. It is assumed that the 
thermal machines operate between two identical sources Figure 3. 
 

 
Figure 3. Schematic representation of GSHP and EHP. 

 
Considering that the plant supplies electricity to electric heat pump (EHP) at the end of the energy chain with a 
total efficiency of 40% and SPF of this heat pump is 3.5, it can be concluded that the SPER will be: 

          𝑆𝑃𝐸𝑅ாு௉ = 𝜂௧௢௧  .  𝑆𝑃𝐹ாு௉ = 0.4 × 3.5 = 1.4                     (6) 
  
 

 
 

Table 2. Electric heat pump data 
 
The data of an electric heat pump are given in  

 

Table 2. The primary energy required by a GSHP with a value of SPERGSHP=1.4 can be calculated to provide the 
same heat as an EHP.  

            𝑆𝑃𝐸𝑅ீௌு௉ =
ொಹು

ொ೛
→ 𝑄௣ =

ଵଶ

ଵ.ସ
= 8.57[𝑘𝑊ℎ]                                     (7) 

This means that the heat recovered from the environment in this heat pump is only 3.43 kWh: 

                                                            𝑄஼,ீௌு௉ = 𝑄ு௉ − 𝑄௣ = 12 − 8.57 = 3.43 [𝑘𝑊ℎ]           (8) 

While the EHP, based on the data presented in  

 

Table 2, recovers 8.57 kWh. 
                                        𝑄஼,ாு௉ = 𝑄ு௉ − 𝑊௘௟௘௖ = 12 − 3.43 = 8.57[𝑘𝑊ℎ]                         (9) 
 

Therefore, even though both systems have the same PER and deliver the same amount of heat, the GSHP 
recovers 2.5 times less ambient energy than the EHP. This feature enables the reduction of the size and cost of the 
cold source, typically the ambient air. One of the disadvantages of this type of heat pump is its low coefficient of 
performance. The impact of the electrical consumption of the circulation pumps can influence the global efficiency 
[19]. Giorgio et al. [20] studied improving performance by regulating flow in the solution branch. 
GEHP: In this kind of heat pump, the mechanical energy produced in an internal combustion engine drives the 
compressor. In other words, part of the chemical primary energy is converted to mechanical secondary energy 

SPFEHP 3.5 

Welec [kWh]  3.43 

QHP [kWh]  12 
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applied to the heat pump system and the rest as waste heat can be recovered in another system. The mechanical 
efficiency of an internal combustion engine is in the range of 30% to 45% [21]. Ease of modulation of the speed 
of the compressor by controlling the gas flow rate as well as the possibility of recovering the waste heat produced, 
make it possible to optimize the efficiency of the system. According to Pawela et al. due to the noise level they 
create, these systems should be placed outside and at a suitable distance to provide sound comfort [22]. It is 
obvious that when the engine speed increases, the heat produced by the heat pump at the level of the condenser 
increases as well as the waste heat which can be used to heat the DHW water and/or heating. This is why, in the 
calculation of performance, the impact of the waste heat must be considered. In this case, 𝑃𝐸𝑅ீாு௉ can be 
calculated by following: 
                                    𝑆𝑃𝐸𝑅ீாு௉ = 𝑆𝑃𝐹 ாு௉ . 𝜂௠௘௖ + 𝜂௪௛ . (1 − 𝜂௠௘௖)                 (10) 
 
Where  𝜂௠௘௖  and  𝜂௪௛ are respectively the mechanical efficiency of the engine and the thermal efficiency to 
recover the waste heat. Like GSHP, a comparative analysis with an EHP makes it possible to evaluate a GEHP 
(Figure 4). 

 
Figure 4. Schematic representation of GEHP and EHP. 

 
Using the values for a GEHP performed in Table 3, one can compare with an EHP whose data   is performed in  

 

Table 2. 
 
 
 
 
 
 
Substituting the numerical values into Eq.10 gives SPER: 

𝑆𝑃𝐸𝑅ீாு௉ = 4 × 0.35 + 0.8 × (1 − 0.35) = 1.92 
 
Whereas for the electric heat pump studied, the PER is 1.4. This means that for the same primary energy 
consumption and the same heat recovered by the heat pump, the waste heat of the motor can be recovered in the 
system, thus obtaining an energy gain compared to an electric heat pump. 
The disadvantages that can be referred to are the vibrations and movements associated with the transmission ratios 
of the motor shaft to the compressor shaft, the emission of noise, the need for regular maintenance treatments: oil 
change, replacement of oil and air filters, replacement of spark plugs [23]. 
GTHP: Gas driven thermal compression heat pump uses a compressor that works with thermal energy. The 
architecture of this compressor is identical to the Gamma type Stirling engine by removing the working piston 
and adding two valves for suction and discharge of the refrigerant. This compressor is designed by BOOSTHEAT 
to be integrated into a heat pump. The working principle of this compressor has been described by Rabah et al 
[24]. The compression system of a GTHP, including an external combustion engine, is limited to the use of 
nonflammable refrigerants, in particular CO2. Considering that the mechanical work produced by a Stirling engine 
is completely converted into pressure work, the efficiency of the compressor and the Stirling engine are identical. 
If the mechanical efficiency of a Stirling engine is 40%, this means that 40% of the primary energy is used to 
drive the compression system (Figure 5).  

SPFGEHP 4[22]  

mec 35% [21] 

WH 80% [21] 

Table 3. Data of a GEHP 
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Figure 5. Schematic representation of GEHP and EHP. 

 
In the following, the study of a GTHP operating with supercritical CO2 allows an energy analysis of this type of 
heat pump. 
 

III. Description of GTHP model 
The installation studied is a three-stage compression heat pump system, where the refrigerant is CO2, and 

the compressors are the thermal ones mentioned above. The fluid circuits and components of this heat pump are 
described in Figure 6. Note that the first and second stage compressors have their own burners, while the third 
stage is fueled by exhaust gases. 
 

 
Figure 6.Heat pump schematic plan under study. 

 
CO2 leaving the evaporator is heated by internal heat exchanger (IHX) before being drawn in by a first 

stage compressor. At the compressor outlet, the CO2 is cooled by the heating return water in buffer 1 before mixing 
with the saturated steam from the flash tank. Then all the refrigerant is compressed by the second stage and cooled 
by heat exchange with the return water in buffer 2. Finally, the CO2 is sucked in by the third compressor. The CO2 
flow at the outlet of the last stage is stabilized by buffer 3 before entering the gas cooler (GC). At the GC, the 
supercritical CO2 cools before entering the IHX where CO2 from the GC heats CO2 from the evaporator. The CO2 
leaving the GC expands in the high-pressure expansion valve (HP EV) and then enters the flash tank (FT) where 
the CO2 separates into two parts liquid and saturated vapor, the saturated liquid expands in the low pressure 
expansion valve (LP EV) before entering the evaporator and the saturated vapor joins the CO2 at the outlet of 
buffer 1 before being drawn in by compressor 2. The heating return water flows through buffers 1 and 2, reunites 
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and then enters the water exchangers of the thermal compressor, called water boxes, as a cold source. On the other 
hand, part of the heating return water goes to the gas cooler before being mixed with the water coming from the 
water boxes. To recover the heat from the exhaust gases, all the water goes to the heat recovery exchanger. 
The Figure 7 shows the evolution of pressure as a function of specific energy (enthalpy) in this installation. 
 

 
Figure 7.p-h diagram of the CO2 transcritical cycle in the heat pump under study. 

 
3-1-Performance strategy 
In this study, the operating conditions of the system correspond to those defined by the European standard 
EN12309 [25] for an average climate. The power decreases linearly with the outside temperature, so that at a 
temperature of 16°C, there will be no need for heating. The Partial Load Ratio (PLR) and return water 
temperatures are defined as follows: 

                                         𝑃𝐿𝑅 =
்೐ೣ೟,೔ିଵ଺

்೏೐ೞ೔೒೙ିଵ଺
%          (11) 

 

                                          𝑇௪,௜௡ = 𝑇௪,௢௨௧ − ቀ7 +
்ೢ ,೚ೠ೟ିଷହ

ଷ
ቁ × 10       (12) 

 
Where 𝑇௪,௜௡ and 𝑇௪,௢௨௧ are the return and outlet temperatures of the system, respectively, and 𝑇௘௫௧,௜ is the outdoor 
temperature. The tests are differentiated according to two heating water flow temperatures defined as follows: low 
temperature (35°C, W35) and high temperature (55°C, W55). Part of the heat produced by this heat pump is 
caused by exhaust gas recuperation. On the other hand, at certain operating points, i.e., below the point F in 
standard EN12309 (Table 4), the thermal output supplied by the heat pump is not sufficient and an auxiliary boiler 
is required (CB in Figure 6).  
 
Where 𝑄̇ுௌ is the heat supplied by the GTHP and 𝑇௘௫௧ is the outdoor temperature in °C. As a result, to supply heat 
according to the EN12309 standard, it is necessary to add an auxiliary unit, which in this system is a condensing 
boiler. Table 4 shows the operating conditions of the system and the thermal output supplied by the heat pump 
and by the auxiliary heater when the nominal thermal power of the system is 16kW, which, according to the said 
standard, corresponds to an outside temperature of -10°C. 
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EN12309 

𝑸̇𝑯𝑺[𝒌𝑾] 
Auxiliary heat 

[𝒌𝑾] 

C
on

di
ti

on
s 

Text 
[°𝑪] 

PRL 
[%] 

𝑻𝑾, 𝒐𝒖𝒕 

[°𝑪] 

𝑻𝑾, 𝒊𝒏 

[°𝑪] 

𝑻𝑾, 𝒐𝒖𝒕 

[°𝑪] 

𝑻𝑾, 𝒊𝒏 

[°𝑪] 

W35 W55 W35 W55 W35 W55 

E -10 100 35 28 55 41,3 7,89 5,37 8,11 10,63 

A -7 88 34 27,3 52 39,3 8,86 6,14 5,29 6,14 

F 0 62 30,9 25,3 44,2 40 9,91 8,48 - 1,36 

B 2 54 30 24,7 42 32,7 8,62 8,62 - - 

C 7 35 27 22,7 36 28,7 5,54 5,54 - - 

D 12 15 24 20,7 30 24,7 2,46 2,46 - - 

Table 4. The operating conditions of the installation. 
 
According to Table 4, the thermal output supplied by the heat pump is expressed by Eq.13 and Eq.14: 

𝑄̇ுௌ = 0,0175 𝑇௘௫௧
ଶ + 0,0273 𝑇௘௫௧ + 9.9131 ; for W35          (13) 

𝑄̇ுௌ = 0,0077 𝑇௘௫௧
ଶ + 0,3884 𝑇௘௫௧ + 8.4838 ; for W55          (14) 

It is important to note that these two equations are only valid when the auxiliary is utilized. Otherwise, the 
installation will generate the same thermal power as indicated in the standard. 
The CO2 flow provided by the thermal compressors, varies according to two parameters: the temperature of the 
hot side (heater) and the speed of displacer. The selected control is of the PID type, which makes it possible to 
supply the cooling flow corresponding to the PRL with the heater temperature and the speed of the first stage 
motor. The temperature of second stage and the speeds of two other stages are controlled by the parameters of 
first stage.  
 
3-2-Modelling  
The modeling of the operation of the system is a result of all the models of the components of the installation. The 
thermodynamic properties of CO2 are calculated using Coolprop[26]. The inputs and outputs of the model are 
shown in Figure 8. 
 

 
Figure 8. The inputs and outputs of the model. 

 
The characteristics of the components used in the system make it possible to find the operating states of each 
process. These characteristics can be obtained either by modeling or by experimental methods.  
 
The compressor model makes it possible to know the refrigerant flow rate and isentropic efficiency of the 
compressor. The idea of the thermal compressor describes that heat can be used to provide pressure and CO2 
moves between the cold source and the hot source through a displacer (Figure 9). This is a compressor invented 
by BOOSTHEAT. Its architecture is identical to that of a Gamma-type Stirling engine, except that the working 
piston and the cylinder are replaced by two valves. This compressor consists of a cylinder, a displacer piston (D), 
a heater (H), a regenerator heat exchanger (R), a cooler (K), an inlet valve (IV) and an exhaust valve (EV). 
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Figure 9. Concept of Thermal compressor.[24]  

 
The pressure variation across the compressor can be viewed as a periodic function at constant speed. The 

amplitude of this periodic function increases progressively with temperature. When the temperature is high 
enough so that the discharge set pressure can be reached, the discharge valve can open and a quantity of gas will 
come out of the compressor, causing the pressure to drop, so the inlet valve opens, and the gas enters the 
compressor. The mass of gas in the compressor can be studied in two conditions: first, just before the exhaust 
valve opens (𝑚ா௏) and second, just before the inlet valve opens (𝑚ூ௏).  

𝑚ா௏ = (∑ 𝑚௜௜ )ா௏         (15) 
𝑚ூ௏ = (∑ 𝑚௜௜ )ூ௏          (16) 

Where 𝑖 is the control volume index, including the compression (C), expansion (E), and dead volume parts (D: 
cooler, regenerator, and heater). Assuming that CO2 is like an ideal gas, then:  

                𝑚ா௏ = ቆ𝑃
ெ

ோ
ቀ

௏಴

்಴
+

௏ಶ

்ಶ
+ ∑

௏ವ

்ವ
ቁቇ

ா௏

                              (17) 

                                                                          𝑚ூ௏ = ቆ𝑃
ெ

ோ
ቀ

௏಴

்಴
+

௏ಶ

்ಶ
+ ∑

௏ವ

்ವ
ቁቇ

ூ௏

                       (18) 

The difference between these two masses during the time before opening and after closing the exhaust valve is 
the flow rate. 
           𝑚௖௢௠௣ = 𝑚ா௏ − 𝑚ா௏            (19)           

    𝑚௖௢௠௣ = 𝑃௔௦௣
ெ

ோ
ቀ

௏಴

்಴
− 𝜏

௏ಶ

்ಶ
− (𝜏 − 1) ∑

௏ವ

்ವ
ቁ        (20) 

Where 𝑚௖௢௠௣ is the suction and discharge mass of the compressor and 𝜏 is the pressure ratio:  

      𝜏 =
𝑃ௗ௜௦

𝑃௔௦௣
൘          (21) 

Where 𝑃ௗ௜௦ and 𝑃௔௦௣ are discharge pressure and aspiration pressure, respectively. 
The inlet and outlet masses of the fluid and the masse of compressed CO2 are determined according to the model 
of Rabah et al.[24]. Figure 10 shows the result for one operating point. 
 

 
Figure 10.  Inlet and outlet mass of fluid per cycle and mass of compressed[24]. 
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The low pressure is saturation pressure of evaporation temperature 𝑇௘௩௔௣,which is determined from the outdoor 
temperature and the efficiency of the E and EU exchangers (see Figure 6). 

𝑇௘௩௔௣ = 𝑓(𝑇௘௫௧  , 𝜀ா , 𝜀ா௎)                       (22) 
The outlet temperature of the gas cooler is a function of the thermal efficiency of the gas cooler and the temperature 
of the heating water returning to the system. 
       𝑇௚௖,௢௨௧,ௗ = 𝑓൫𝑇ௐ,௜௡  , 𝜀௚௖൯        (23) 
The high pressure of the cycle is defined by the outlet temperature of the gas cooler: 
𝑖𝑓 𝑇௚௖,௢௨௧,ௗ < 31 °𝐶 ⟹ 𝐻𝑃 = 𝑃௦௔௧ 
𝑖𝑓 𝑇௚௖,௢௨௧,ௗ > 31 °𝐶 ⟹ 𝐻𝑃 = 𝐻𝑃௢௣௧ 
Where 𝑃௦௔௧ is the saturation pressure of CO2 at 𝑇௚௖,௢௨௧,ௗ. In this case, the cycle is subcritical, and condensation 
occurs. In the case of the transcritical cycle, the optimum pressure at the high-pressure level is defined by Eq.15 
[27]. 
                𝐻𝑃௢௣௧  = ൫2,778 − 0,0157 𝑇௘௩௔௣൯.  𝑇௚௖,௢௨௧,ௗ + (0,381. 𝑇௘௩௔௣ − 9,34)                                  (24) 
Where 𝐻𝑃௢௣௧ is the optimum pressure in bar and the evaporation temperature in °C, respectively. 
The intermediate pressures of the stages can be estimated using the following equation: 

𝐼𝑃௜ = 𝑖 ×
൫ு௉೚೛೟ି௅௉൯

௡
+ 𝐿𝑃                (25) 

Note that i is stage number and n is the total number of stages. However, the model's intermediate pressures are 
modified because of compression rate constraints. To calculate the temperature of the CO2 leaving the gas 
cooler,𝑇௚௖,௢௨௧, the flow rate of the first stage, 𝑚̇ଵ,௜௡௜௧, is initiated. This allows for the calculation of the total flow 
rate, 𝑚̇௧௢௧ .  

𝑚̇௧௢௧ = 𝑚̇ଵ + 𝑚̇଺          (26)     
The output flow rate of the flash tank on the steam side,𝑚̇଺, could be estimated by using of vapor quality definition: 

𝑥௧௛ =
௠̇ల

௠̇೟೚೟
=

௛భరି௛భ

௛లି௛భ
             (27) 

This allows for the calculation of the total flow rate, 𝑚̇௧௢௧ . 

𝑚̇௧௢௧ = 𝑚̇ଵ ቀ
௛లି௛భ

௛లି௛భర
ቁ            (28) 

The enthalpies of the points in the equation are obtained from their respective thermodynamic properties.  
From the characteristics of the compressors and buffers in the installation, it is possible to estimate the enthalpy 
output from the gas cooler, h11. 
Thus, by carrying out the first law of thermodynamics on the gas cooler, the enthalpy output from this exchanger 
(h12) can be calculated. 

ℎଵଶ =  ℎଵଵ −
[௠̇.௖௣.௱்]ೢೌ೟೐ೝ

௠̇೟೚೟
             (29) 

So, the temperature of the CO2 leaving the gas cooler can be determined: 
         𝑇௚௖,௢௨௧ = 𝑓൫𝐻𝑃௢௣௧  , ℎଵଶ൯           30) 

By comparing the calculated temperature of the CO2 leaving the gas cooler 𝑇௚௖,௢௨௧ with the desired temperature 
at this point 𝑇௚௖,௢௨௧,ௗ, the initial flow rate of the first stage can be modified.  
If  𝑇௚௖,௢௨௧,ௗ >  𝑇௚௖,௢௨௧ ⟹ 𝑚̇ଵ = 𝑚̇ଵ + ∆𝑚̇ 
If  𝑇௚௖,௢௨௧,ௗ <  𝑇௚௖,௢௨௧ ⟹ 𝑚̇ଵ = 𝑚̇ଵ − ∆𝑚̇ 
Where ∆𝑚̇ is the precision of the calculation. Until the point of convergence is reached, the calculations should 
be repeated.  
The model will be validated by comparing the modelling results to the test measurements (Figure 15). 
 
It is useful to note that to define the COP, the thermal powers exchanged between the primary fluid of the cycle 
(CO2) and the secondary fluids at the cycle must be considered. Thus, the net heat supplied per thermodynamic 
cycle, 𝑄̇ு,௖௬௖௟ , then 𝐶𝑂𝑃 and 𝐺𝑈𝐸 are calculated as follows: 

 
𝑄̇ு,௖௬௖௟  = ∑ 𝑄̇஻,௜

ଶ
௜ୀଵ + ∑ 𝑄̇ௐ஻,௜

ଷ
௜ୀଵ +  𝑄̇௚௖          (31) 
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Figure 11. Comparison between measurements and results of the model. 

 

  𝐶𝑂𝑃 =
ொ̇ಹ,೎೤೎೗ାொ̇ಹ,೐ೣ೓ೌೠ  

ொ̇ಸೌೞା
ೈ̇೐೗೐೎

ആ೟೚೟

          (32)  

                𝐺𝑈𝐸 =
ொ̇ಹ,೎೤೎೗ାொ̇ಹ,೐ೣ೓ೌೠೞ೟ 

ொ̇ಸೌೞ
                            (33) 

 
Where 𝑄̇஻, 𝑄̇ௐ஻, 𝑄̇௚௖ and 𝑄̇ு,௘௫௛௔௨௦௧are the heat recovered in buffers, water boxes, gas cooler and heat recovered 
from exhaust gases respectively. 𝑊̇௘௟௘௖  is electric power consumption for the movement of the compressor 
displacer. Also 𝑄̇௘௩௔௣ is evaporator heat exchange and 𝑄̇ீ௔௦ is natural gas heat value. 
The model has been validated by tests carried out on the installation at various points of operation.  
3-Results and discussion 
The model developed allows to evaluate the installation from the point of view of optimal operation; thanks to the 
graphical interface of the model, for each operating point, the thermodynamic characteristics of the cycle and the 
energetic characteristics are visible.  
According to Table 4, an auxiliary is necessary for the installation to meet the additional thermal requirements at 
low temperatures. Without the auxiliary, operation will be possible from 0°C in the W35 regime and from 2°C in 
the W55 regime, as shown in Figure 12. 
It is obvious that at low temperature points where the pressure ratio is very high, the flow rate is lower and 
therefore the compressor operates at full load, i.e., at maximum heater temperature (Figure 13a). As the pressure 
ratio decreases, the flow rate increases. 

 
Figure 12. The heat supplied by TDHP for two operating modes. 

 
However, as the heat demand decreases, the temperature of the heater also decreases, resulting in a 

reduction in CO2 flow. The pressure difference across the piston increases at lower temperatures, resulting in a 
higher electric power demand to maintain the same speed. The Figure 13(b) illustrates the fluctuations in the 
rotational speed of the initial stage.  
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Figure 13. (a) Heater temperature evolution, (b) 1st stage rotation speed evolution 

 
The CO2 flow variation, obtained by modeling is shown in Figure 14 .  

 
Figure 15. CO2 flow rate variation in (a) 1st stage (b) 3rd stage 

 
The values of COP and GUE can be estimated from equations 32 and 33, the values of GUE and COP can be 
estimated. Figure 14a and Figure 14b show the values of COP and GUE for each operating point. 
 

 
Figure 16. (a) GUE (b) COP 
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The method used to calculate SGUE is that proposed by EN 12309 [28]. 
 

𝑆𝐺𝑈𝐸 =
∑ ௛ೕ

ಿ
ೕసభ ×ொ̇ಹ,೟೚೟ೌ೗(்ೕ )

∑ ௛ೕ
ಿ
ೕసభ ×

ೂ̇ಹ,೟೚೟ೌ೗(೅ೕ )

ಸೆಶ(೅ೕ)

              (34) 

 
Where ℎ௝ is the HP operating hours when the outdoor temperature is 𝑇௝, and 𝑄̇ு,௧௢௧௔௟ is the total heat recovered by 
the system, which includes 𝑄ு,௖௬௖௟  and 𝑄ு,௘௫௛௔௨௦௧. Table 5 shows the results of the SGUE calculation for two 
operating modes.  
 

Operating modes  SGUE 
W35 
W55 

1.7 
1.4 

Table 5. SGUE for two operating modes of TDHP 
 
Equation 32 describes that the COP of the thermal compression heat pump is equal to PER and therefore, 
according to the mentioned standard, The SPER can be calculated, which allows a comparison with an electric 
heat pump. The results of the SPER calculation for two operating modes (W35 and W55) are summarized in Table 
6. 

Operating modes  SPER 
W35 
W55 

1.33 
1.19 

Table 6. Seasonal Primary Energy Ratio of TDHP 
 
According to Eq. 4, the SPF or SCOP of an electric heat pump can be estimated under conditions identical to those 
of the GTHP (Table 7). 
 

Operating modes  SPF (or SCOP) 
W35 
W55 

3.32 
3 

Table 7. Seasonal Coefficient of Performance of EHP 
 
Note that in Eq.4, according to the EN12309 standard, the value adopted for 𝜂௧௢௧ is 40%. 
According to Figure 5, the amount of heat recovered from the environment, 𝑄஼ , to produce the same quantity of 
heat by an EHP and a GTHP is determined: 

      𝑄஼,ாு௉ = 𝑄ு௉ −
ொಹ

ௌ௉ி
                  (35) 

𝑄஼,ீ்ு௉ = 𝑄ு௉ −
ொಹ

ௌ௉ாோ
           (36) 

 
Results for 𝑄ு௉ = 12 𝑘𝑊ℎ are shown in Table 8.  

Operating modes  𝑸𝑪,𝑬𝑯𝑷 [kWh] 𝑸𝑪,𝑮𝑻𝑯𝑷  [kWh] 

W35 
W55 

8.4 
8 

3 
2 

Table 8. The ambient energy recovered by EHP and GTHP 
 
Therefore, even though both systems have the same PER and the same amount of heat output, the amount of 
ambient energy recovered by GTHP is more than 2.5 time (W35) and 4 times (mode W55) less than that of the 
EHP. This feature enables a reduction in the size and cost of the cold source, typically ambient air. 
 

IV. Conclusion 
The interest of this study is the evaluation of a thermal compression heat pump operating with CO2. The 

prediction of system behavior through modeling is complemented with experimental tests to know the real 
behavior of the system, which makes it possible to clarify the operation of this type of compressor in a 
configuration of a heat pump. The results show that this type of compressor has advantages and potentials that 
encourage spending time to improve its operation. The increase in compression efficiency is a function of the 
compressor architecture, specifically the increase in the efficiency of the heat exchange between a heat source and 
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CO2. Another advantage of the thermal compressor is its ability to utilize waste heat. Studies on the configuration 
and components of the cycle are another way to increase the performance of the TDHP. 
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