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ABSTRACT 
The term "industrial heat pump" refers to systems with outlet temperatures exceeding 100 °C. This 
paper introduces an innovative heat pump utilizing a reverse Brayton cycle, designed for high and 
very high temperature applications. Supercritical CO2 was selected as the working fluid due to its 
exceptional thermal properties. A thermodynamic model was developed in MATLAB Simulink. The 
energy performance of the machine was simulated and compared with available commercial models, 
particularly those using CO2 as a working fluid. The heat pump achieved a COP of up to 2.51 while 
generating saturated steam at 120 °C and is capable of producing saturated steam at a maximum 
temperature of 180 °C. An economic model is also developed. Sensitivity analysis was conducted to 
identify the most critical operational parameters from both energy and economic perspectives.

 1 INTRODUCTION 
The industry sector accounts for more than half of the energy consumption in the world. Based on 
International Energy Agency (IEA)(IEA (2021), data, in 2019, 57% of total electric energy 
consumption was dedicated to industrial processes yielding 9566 TWh. It makes the industry 
responsible for 9 Gt CO2 emissions. The ambitious Net Zero Energy (NZE) scenario pathway 
proposed by IEA, by 2050 industry electrification will rise by 40%(IEA, Industrial Energy 
Consumption by Fuel in the Net Zero Scenario,). Accordingly, the total installed heat pump units for 
both space heating and industrial usage from 2021 to 2030 will be doubled and from 2030 to 2050 
will double again.  
The concept of high-temperature heat pump has been linked closely with the industry due to the 
available heat in this sector as a potential solution to reduce greenhouse gas emissions effect. 
Although the classification of temperature level is still not clear in the literature, all heat pump 
systems carry unique features to recover waste heat available during the industrial process. Such heat 
varies in the range of 30-80 °C which provides a valuable exergetic heat resource(Arpagaus et al., 
2018). From the energy point of view, the classification of energy demand in the industry sector can 
be held based on the supply temperature requested in each application. Table 1 provides a 
classification of heat pump delivery temperature technologies used for the various industrial 
processes.  

Table 1. Industrial heat pump temperature classification based on application(“Future. Heat 
Pumps,” 

2022) 

Temperature range (°C) 

< 80  

Technology readiness level  

Commercialized 

Industrial Application 

Paper: De-inking 
Food: Concentration 
Chemical Bio-reactions 

80 - 100 Commercialized Paper: Bleaching 
Food: Pasteurization 
Chemical: boiling 

100: 140 Commercialized Paper: drying 
Food: Evaporation 
Chemical: Concentration 
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140: 160 Pre-commercialized Paper: Pulp boiling 
Food: Drying 
Chemical: Distillation 
Other: Steam production 

160: 200 Small-scale  High temperature steam production 
> 200 R&D High temperature processes 

 
As of today, more than half of industrial heat demand is characterized by heat delivery up to 400 °C 
which mostly is provided by fossil fuel boilers. The main heat consumers are chemical, food and 
paper manufacturers. Actual commercial heat pump units are capable of supplying heat at 150 °C. 
Such a threshold would be sufficient to meet around 30% of heat demand to substitute natural gas 
boilers avoiding 20 bcm (billions cubic meters) emissions (“Future. Heat Pumps,” 2022).   
Heat pumps present higher energy performance (COP >1) compared with combustion systems (η<1). 
Adding to that, rising penalization cost for CO2 particularly in Europe, makes heat pumps a good 
candidate for industrial applications. Simple vapor compression cycles and absorption heat pumps 
due to historical background remain the most used technologies in the benchmark (Van de Bor & 
Infante Ferreira, 2013). The average delivery temperature reported in the literature for single stage 
vapor compression systems are in the range of 100-120°C (Jiang et al., 2022). The most mature 
technology are capable of lifting up the temperature by 30°C. However, recent works tend to push 
the barrier to go beyond current limit. Several studies have reported temperature lift of 40,50,60 and 
even 70 degrees(Ahmadi et al., 2016; Kabat et al., 2023; Patel & Raja, 2019).
CO2 is one of the first natural refrigerants used as the working fluid in the world of refrigeration. Its 
thermodynamic properties specifically its high working pressure and fluid density facilitate the 
fabrication of light heat pump systems for a specific power consumption (M. H. Kim et al., 2004).In 
addition, a low compression ratio in CO2 systems results in higher isentropic efficiency. Due to the 
low critical point of CO2 (31.1 °C and 73.8 bar) it is convenient to use it in a trans-critical cycle. In 
this case the CO2 surpass the critical point after the compression stage and it is known as trans- 
critical CO2 heat pumps. However, the main issue with these systems is the high irreversibility caused 
during the expansion valve which results in COP drop(Yang et al., 2016). Several research works 
have tried to overcome this defect. One practical solution is to add an internal thermal recovery 
sector that can boost the performance of the machine. (Chen & Gu, 2005; S. G. Kim et al., 2005; 
Rony et al., 2019). 
The maximum reported output temperature using an internal heat exchanger is 90 °C with COP over 
3.0 (Cao et al., 2020; Lo Basso et al., 2020). Zhu et.al. improved the COP to 4.6 by applying the 
ejector to the expander (Y. Zhu et al., 2018). In another study (Lo Basso et al., 2023) authors reported 
a COP of 6.5 by forming a close loop for the external fluid circulating between the gas cooler and 
evaporator. In the trans-critical CO2 cycle, the performance of the machine is strongly reduced by 
increasing the pressure ratio between the up and bottom stream pressure. 
There is another potential configuration to utilize CO2 entirely over the critical zone. (Zühlsdorf et 
al. 2019). In this case, a pressure ratio higher than before is required.
Having mentioned that, the current work investigates the performance of the reverse cycle sCO2 heat 
pump. In contrast with the trans-critical cycle that is characterized by a low-pressure ratio and 
internal heat recovery to boost performance, the proposed layout features a high-pressure ratio to 
improve the output temperature profile without any thermal recovery sector. Instead, the expansion 
valve is replaced with an expansion device that generates mechanical work.
The main objective is to optimize and analyze the energy performance to generate high-value 
temperatures. After creating the mathematical model of each component, the main operational 
parameters would be recognized and discussed to optimize the performance. In the end, the economic 
model will be also presented.
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Table 2: Close loop heat pump commercial models 
Manufacture series Max. 

COP 
Supply T Heat 

source T 
Capacity 
(kW) 

Compresso 
r Type 

Refrig 
rant  

Cobe Steel 
 

SGH 165 3.0 135- 175 35-70 70-660 Twin screw R245fa+ 
R134a 

Vicking 
Heating 
Engines AS 

HeatBoost 
er S4 

 165 120 200 Piston varies 

Mitsubishi QAHV  Ambient 
air 

90 40-640 Inverter scroll R744 

Mayekawa Eco sirocco 5.5 40 60:120 100 Reciprocating R744  

Johnson controls Heat Pac 4.4 70 90 300:2000 Reciprocating 
 

ammonia 

 
 2 Methodology 
2.1 Super-critical CO2 thermodynamic cycle 
Figure 1 illustrates the P-h diagram of the proposed thermodynamic loop of the super-critical CO2 
heat pump. From this point of view, there is a distinct difference between the supercritical HP cycle 
and conventional vapor compression. The main difference occurs during the heat transfer that takes 
place in the forms of latent heat in the evaporator and condenser inside the conventional heat pumps. 
However, in the super-critical state, the working fluid experiences no phase change and remain 
entirely in the gaseous state. As a result, the evaporator and condenser are replaced with ‘gas heater’ 
and ‘gas cooler’ respectively.  As it can be followed from Figure 1, the design parameters are set to 
ensure the cycle always above the critical point. As a result, the P4> 75 bar and T4 > 31 °C to remain 
in gaseous phase. One of the main issues reported in literature regarding trans critical CO2  heat pump 
systems, scaling up the delivery temperature requires the higher pressure difference that increases 
throttle irreversible losses in the expansion phase. As a result of that effect, the COP tend to decrease 
(Y. Zhu et al., 2018). This phenomena occurs due the severe enthalpy changes near critical point 
(Rony et al., 2019). According to experimental data, when the temperature lift is above 100 °C, due 
to the thermodynamic limits, the performance of the machine shrink by 50%. This results in COP 
below 2.0(Yan et al., 2021). In order to avoid COP drop, this work proposes the mechanical useful 
work recovery from the expansion process and use it to feed the compressor. 
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 Figure 1: p-h diagram of the thermodynamic sCO2 Cycle, the original diagram is brought from 

Imperial College London 2012, reference state: h = 733.63 kJ/kg and s = 4.26 kJ/kg°C, for the gas 
at triple point (T = -56.558°C, and P = 5.1795 bar )

 
 

Figure 2: Presented layout. 
 
2.2 Thermodynamic and Simulation model 
The thermodynamic loop of sCO2 heat pump is similar to the reverse Bryton cycle. In the P-h 
diagram brought in Figure 1, cycle 1-2-3-4-1 represents an irreversible real cycle while 1-2s3-4s is 
the ideal endo-reversible one. The isentropic efficiency of compression and expansion can be 
described as (Ahmadi et al., 2016; Bi et al., 2010):

 (1)

 (2)
Where 1 and <1 always are satisfied. 
The total heat needed to be supplied by the heat pump can be derived as equation 4:

Qtotal = Q subcooling + Qsaturation + Qsuperheatig (4)
In equation 4, the total heat power involves three terms of the subcooling process, phase change and 
superheating. The subcooling process takes place by exchanging sensible heat between CO2 and 
water up to the saturation point. This step occurs inside an economizer. After that, the saturated water 
enters the so-called evaporator undergoing a latent heat transfer. To ensure saturated steam at the 
delivery point, 5 °C of superheating is also applied to the steam profile. Equations 5 to 7 describe 
the expression for three main heat-exchanging processes:
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Qsubcooling =  (5)
Q saturation = (6)
Q superheating = (7)

In practice, in a similar way to heat recovery steam generator plants, to avoid the formation of 
bubbles inside the economizer which can block the flow rate (choking), a margin of at least 5 °C 
below the saturation point is considered. Hence equations 5 and 6 can be rewritten :

Qsubcooling =  (8)
Q saturation = (9)

The heat transfer process for the sCO2 requires additional evaluation since the T-h diagram over the critical 
states does not have a linear distribution. In this case, the thermodynamic properties of CO2 must be 
checked at each stage of the process to conserve the second law. Dividing the total heat transfer into the 
economizer and evaporator, each process can be divided and solved in N-finite iteration loop. 

Q_evap = (10)
Q_evap =  (11)

dQ_ = Q_evap / N (12)
In equation 11, hi

1 represents the inlet condition at each step, while hi
2 is the outlet condition at each step. 

To solve the equation 11, 2 initial conditions are needed to be applied. The inlet condition of sCO2, is 
obtained from the outlet compressor profile so :

T0
1 = TCO2_out_compressor (13)

The outlet temperature of CO2 can be calculated by fixing the pinch point from the steam profile to make 
sure that the two fluids diagrams are not cross over each other:

T N
2 = Tsat_water + Tpinch (14)

For gaseous working fluid exchanging with water inside a shell and tube heat exchanger, a pinch point 
equal to 5 °C is assumed. (Zühlsdorf et al. 2019).
By knowing the temperature profile, the enthalpy values can be obtained and equation 11 would be solved. 
After solving the equation at each step, the enthalpy values would be updated to start another iteration. 
For i = 0:N
h2

i = h1
i – dQ/

h2
i = h1

i+1

The same approach is applied to the economizer. In this case, the outlet temperature of sCO2 will be 
obtained by solving the same equations. Equations 10:13 can be rewritten for economizer as:

Q_eco = (15)
Q_eco =  (16)
dQ_ = Q_eco / N (17)
T0

1 = Tout_evap (18)
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Figure 3: Schematic of the heat transfer process between water and sCO2

After completing the temperature profile of both fluids,to evaluate the sufficient surface of the heat 
exchangers the logarithmic mean temperature difference (LMTD) is conducted:

QH = (19)
Where F is the correction factor depending on the geometry  
LMTD is defined as logarithmic mean temperature difference.  

LMTD =  (20)

ΔT1= Tin_hot – Tout_cold (21)
ΔT2= Tout_hot – Tin_cold (22)

The compression and expansion work is calculated from an ideal isentropic adiabatic process that 
implies:  

 (23)
The real COP can be evaluated by the ratio of actual delivery heat over the power consumption of 
the machine: 

 COPreal = (24)

W in equation 24 represents the overall work that is derived from both the compressor and expansion 
device. It can be described also as equation 25:

 COPreal =  (25)

Where Wcom is compressor work and Wex  is expansion device generated work that can be calculated 
by recalling Figure 1:

W com = (26)
W com = (27)

2.3 Industrial application
Saturated steam has various applications in different sectors of the industry. As a consequence, the 
application of a high-temperature heat pump to generate steam at the requested condition can be 
evaluated. The paper industry is one of the sectors that use steam for drying, textile and stripping 
purposes at the atmospheric pressure range of 2-16 bar and temperature of 120-200 °C. In the food 
industry, steam at 1-3 bar with a temperature profile in the range of 60-100 °C used in the 
pasteurization process. however, for evaporation steam at a maximum of 1 atmospheric bar at T = 
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40:80 °C would be enough. Industrial steam cleaners typically operate at 4-8 bar with 100-180 °C 
temperature profile. Finally in mining industry the heap leaching process require steam at 
atmosphere pressure and temperature range around 100-150°C. 

Table 4: Application of steam in industry sectors

Application Atmospheric 
Pressure (bar)

Temperature (°C)

Paper: drying 2-16 120-200
Paper: Textile 1-6 100-160
Paper: steam 
stripping

1-6 100-150

Food: 
Pasteurization

1-3 60-100

Food: evaporation 0.2-1 40-80
Mining: heap 
leaching

1 100-150

Chemical 
reactions

1-5 50-250

Steam cleaning 4-8 100-180

2.4 Economic model 
The economic model for CO2  heat pump with reverse Bryton cycle is estimated from the available 
studies in the literature (Zühlsdorf et al. 2019), (Huang et al. 2022). The capital cost of each 
component without assuming auxiliary equipment, engineering and labour work is reported in 
equation 29(Turton 2013):

Log (CP
0 )= k1+ k2 log (X) + k3 (log(X))2 (28)

In equation 29, X is the scaling parameter that determines the final cost (e.g for compressor the 
mechanical work , for heat exchanger the useful surface). 
The complete version of equation 29 can be found in equation 30, featuring fBM as the factor for 
engineering and labour work and auxiliary equipment; fP as the pressure factor for heat exchanger 
construction; fM as the additional cost for design of equipment in different materials(Ulrich, 
Vasudevan, and Ulrich 2004); and finally fCEPCI which represents cost function in different years 
from the reference chosen year which was based on chemical engineering plant cost index (CEPCI) 
in 2017. 

CBM = fBM. fP.fCEPCI .CP
0 (29)

The values assumed for k1, k2, k3 and factors are reported in Table 5. 

Table 5: parameter assumed for economic model

Component Overall 
factor K1 K2 K3

centrifugal compressor 1 541.7 2.2897 1.3604 -0.1027
centrifugal compressor 2 541.7 2.2897 1.3604 -0.1027
shaft 1 1.956 1.7142 -0.2282
shell and tube HE 200 3.2476 0.2264 0.0953
turbine radial 541.7 2.2476 1.4965 -0.1618
Piping 0.0025

The main assumptions and technical considerations for simulation part can be seen in Table 6 
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Table 6: Technical assumption 
Design parameter Value Unit 
Heat source available 80 °C 
ηiso %78 - 
εHEX 0.7  
εmotor 0.98
εshaft 0.98
UHEX_liquid_gas 40 W/m2/K 
UHEX_gas_gas 40 W/m2/K 
UHEX_gas_evap 42.5 W/m2/K 
Heat sink size 75 kW
Tinput_water 20 °C 
Plow_HP 75 bar 
ηcom 65%  

 3 Results and discussion 
3.1 COP and Capital cost
The simulation is carried out to evaluate the capacity of sCO2 HP to generate saturated steam 
according to potential industrial applications. Consequently temperature profile in the range of 120 
°C up to 185 °C is considered. The highest obtained COP is equal to 2.51 which diminishes by 
raising the delivery temperature to the minimum value of 1.57. The capital cost of the system on the 
other hand, there varies in the range of 114 k€ to 145 k€. For a steam profile below 150 °C, only one 
compression step is required. As it can be seen also in Figure 4 from 150°C so on, there is a shift in 
capital cost that belongs to the cost of the secondary compressor. By increasing the discharge 
pressure for a fixed saturation pressure, the temperature profile of CO2 will be escalated as well. As 
a result, according to the total energy balance, the mass flow rate of CO2 diminishes. This reduces 
the size of both expander and compressor which corresponds to more than half of total investment 
costs. In the other hand, with less mass flow rate on the CO2 side, the heat transfer process requires 
more heat exchanger space. Eventually the heat exchanger price rises. Figure 5 illustrates the impact 
of pressure soaring on the final price for saturation pressure of 3 bar. As the pressure increases the 
overall distribution of main component tends to reduce the final cost. The total cost function reaches 
its minimum value at Pdischarge = 280 bar. After this point, the heat exchanger raising trend outweighs 
the turbo machinery part and determines the form of investment function. 

Figure 4: a) Steam temperature vs COP and capital cost; b) the impact of discharge pressure on 
COP and mass flow rate
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Figure 5 The impact of pressure rise on price distribution for Psaturated = 3 bar

3.2 Pinch point  
One of the main practical challenges in dealing with super critical CO2, is the heat transfer process 
that mostly takes place between two fluids in the gaseous state. A complex heat exchanger design 
and huge surface are the main challenges that could reduce the heat exchanger effectiveness. The 
impact of pinch point variation on the overall performance of the machine and the heat exchanger 
surface is studied. By increasing the pinch point between CO2 and the steam, the total surface of heat 
exchangers (economizer and evaporator) tends to decrease. Rising up the pinch point from 5 °C to 
15 °C, the total effective surface for economizer and evaporator reduces by 27% and 21% 
respectively. This, however, surges the demand for higher  rate by 31%. As a consequence, the 
size of the compressor and the expansion device might be escalated which alters the COP. The 
simulation results suggest that the overall effect of pinch rise improves slightly the performance of 
the HP.  

Figure 5: The effect of pinch point on the heat transfer process, Saturated steam at 6 bar

Table 7: variation of sCO2 parameters by pinch point

Pinch point 5 7.5 10 12.5 15

COP 1.75 1.76 1.77 1.78 1.79

A (m2) 628 586 552 522 497
3160 3364 3597 3864 4173
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3.3 Discharge pressure 
Another design parameter that impacts the performance of the heat pump is discharge pressure. 
According to the isentropic process brought in equation 24, pressure increase results in temperature 
scale-up inside the compressor. This enlarges of course the specific work of the compressor. 
However, the CO2 mass flow rate can be less than before;. This flow rate is determined by performing 
energy balance inside the evaporator. As a result, the overall mechanical work which is defined as 
the algebraic sum of compressor and expansion work must be recalculated. (In equation 27 and 28 
both  change). 
As illustrated in Figure 6, by increasing the discharge pressure, the overall work required to insert to 
the system reaches its maximum point and after that decreases again. This phenomenon occurs due 
to nonlinear characteristics of sCO2 that imply uneven Δh distribution at different discharge pressures 
The maximum point representing the highest difference between compressor and expansion work 
that the heat pump operates at the lowest. After this point, by increasing the discharge pressure, COP 
improves. It is noteworthy that, the enlarging pressure ratio amplifies the temperature differences in 
the expander that might risk entering the sub-critical zone(equation 24). 
Recalling Figure 1, point 4 which is obtained by isentropic expansion at low stream pressure must 
be greater than the critical point which is 31 °C at 73 bar. The impact of pressure scale-up on the 
heat exchanger surface can be also discussed. 

Figure 6. The effect of discharge pressure on the performance of sCO2HP for various  steam 
pressure

4. Conclusion
This work investigated a heat pump cycle undergoing a reverse Brayton cycle. CO2 has been selected 
as the working fluid that entirely remains in the super-critical zone. The mathematical model has 
been created in the MATLAB Simulink environment. The heat pump model has been used as a steam 
generator to provide heat demand in diverse industry sectors. The maximum steam temperature is 
obtained at 180 °C which is evidently higher than available commercial models as well as any CO2-
based heat pump. In contrast with the available CO2 heat pump model, it has been attempted to 
increase as much as possible the pressure ratio to increase the temperature profile. In this way, the 
internal heat exchanger unit has been replaced with an expansion device to recover mechanical work. 
As a result of this intervention, the performance of the machine improved and COP in the range of 
1.57 up to 2.51 was obtained. 
After that, the impact of the pinch point between CO2 and steam on the performance of the heat 
pump was investigated. By increasing the pinch point, the overall surface required for heat 
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exchangers tends to decrease. However, a higher flow rate of CO2 is demanded. The COP, in this 
case, improves slightly. 
The sensitivity analysis on the effect of pressure increase demonstrated a non-linear correlation with 
the turbo machinery parts of the system. This is due to the non-linear thermodynamic properties of 
CO2 in the super-critical zone that varies sharply. By increasing the pressure at the upstream side, 
the size of both the expander and compressor tends to reduce. However, the overall work to be 
inserted reaches its maximum value and it reduces afterwards. As a consequence, the COP of the 
machine initially reduces to reach its minimum value and then rises again. 
The economic model is created as well to estimate the investment cost. The turbo-machinery parts 
are responsible for more than 60 % of the capital cost. The impact of discharge pressure on the final 
cost has been evaluated. By increasing the discharge pressure, turbomachinery and heat exchangers 
exhibit divergent trends: one increases while the other decreases. The optimal size, from an economic 
perspective, can be determined by analyzing these opposing trends.
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