
ABSTRACT 

 

CFCs (chlorofluorocarbons) have been abolished and HCFCs (hydrochlorofluorocarbons) 

are in process of being abolished as working fluids due to their high global warming potential 

(GWP) and ozone depletion potential (ODP). CO2 is non-toxic, non-flammable, has zero 

ODP and negligible GWP as working fluid.  

In the present work the behavior of transcritical CO2 from the point of view of its thermal and 

mechanical properties through the correlations of Gnielinski (1976), Pitla (2002), Dang 

(2002) and Yoon (2003) has been analyzed and a system model written in Matlab language 

for simulating the operation of a heat pump system based on cross-counter-flow fin-and-tube 

heat exchangers has been developed. The validation of the model has been accomplished 

using experimental data found in literature for heat pump system working at similar 

conditions. 

Finally, the theoretical performance and cost of the delivered heat of the heat pump system 

and the effects on them of operating parameters such as, ambient air temperature, outlet 

temperature and mass flow rate of the heated air have been presented and discussed. Air 

ambient temperature has been varied from 0 to 20°C, outlet air temperature from 40 to 70°C 

and air mass flow rate from 0.25 to 0.75 kg/s. The most interesting application areas for this 

type of heat pump can be space heating and drying processes. 

 

Keywords: transcritical CO2, heat pump system, simulation model, COP, savings. 
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RESUMEN 
 

 

Los CFC (clorofluorocarbonos) se han suprimido y los HCFC (hidroclorofluorocarbonos) 

están en proceso de ser abolido como fluidos de trabajo debido a su alto potencial de 

calentamiento atmosférico (PCA) y de potencial de agotamiento del ozono (PAO). El CO2 no 

es tóxico, inflamable, tiene cero PAO y insignificante PCA como fluido de trabajo. En el 

presente proyecto ha sido analizado el comportamiento de CO2 supercrítico desde el punto 

de vista de sus propiedades mecánicas y térmicas a través de las correlaciones de 

Gnielinski (1976), Pitla (2002), Dang (2002) y Yoon (2003) y se ha desarrollado un modelo 

de sistema escrito en lenguaje Matlab para simular el funcionamiento de una bomba de 

calor basada en intercambiadores de calor de aletas y tubos a flujo cruzado y 

contracorriente. La validación del modelo se ha realizado utilizando datos experimentales 

encontrados en la literatura para bombas de calor que trabajan en condiciones similares. Por 

último, se han presentado y discutido el funcionamiento teórico y el costo del calor producido 

por la bomba de calor y los efectos en ellos de los parámetros de funcionamiento tales 

como, temperatura del aire ambiente, temperatura a la salida y caudal másico del aire 

calentado. La temperatura ambiente del aire se ha variado de 0 a 20 °C, la temperatura del 

aire a la salida de 40 a 70 °C y el caudal másico del aire calentado de 0,25 a 0,75 kg/s. Las 

más interesantes áreas de aplicación para este tipo de bomba de calor pueden ser la 

calefacción de grandes espacios y los procesos de secado.  

 

Palabras clave: CO2 supercrítico, bomba de calor, modelo de simulación, COP, ahorro. 
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1. NOMENCLATURE 
 

 

Symbols: 

 

A   area [m2] 

b   fin thickness [m] 

c   specific heat [kJ/kgK]; correlation parameter [-] 

C   correlation parameter [-] 

COP   coefficient of performance [-] 

d   diameter [m] 

e   tube thickness [m] 

f  function [-] 

g   gravity acceleration [m/s2] 

G   mass flux [kg/m2s] 

Gr  Grashof number [-] 

HERC  heat exchanger resistance constant [m-4] 

HP   high pressure [bar]  

h   height [m]; specific enthalpy [kJ/kg] 

k   ratio between specific heats [-] 

keu  Euler factor [-] 

K   correlation parameter [-]; heat transfer coefficient [W/m2K] 

l   length [m]   

LP  low pressure [bar] 

m   fin parameter [-] 

n                    number [-] 

N   compressor speed [rpm] 

Nu   Nusselt number [-] 

p   pressure [bar] 

P   power [kW] 

pL  longitudinal tube space [m] 

Pr   Prandtl number [-] 

pT   transversal tube space [m] 

qm  mass flow rate [kg/s] 

qv  volumetric flow rate [m3/s] 

Q   heat flow [kW] 

r   radius [m] 

Re   Reynolds number [-] 
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s   fin pitch [m]; specific entropy [kJ/kgK] 

S   surface [m2] 

SEC  specific energy consumption [kW] 

t   thickness [m] 

T   temperature [°C] 

V   volume [m3] 

x   quality [-] 

Greek symbols: 

 

  compressor pressure ratio [-] 

  ratio between dead space and swept volume [-] 

  efficiency [-] 

  thermal conductivity [W/mk] 

  dynamic viscosity, [Pa s] 

  friction factor [-] 

  heat flow [kW/m2] 

  density [kg/m3] 

  free flow area ratio [-] 

  fin efficiency  [-] 

 

Superscripts: 

 

i  slice 

j  pass 

 

Subscripts: 

 

air   air 

act  actual 

al   alternative  

ap  approach  

b  bulk 

c   compressor; cylinder 

CO2  carbon dioxide 

cond  condensation 

cont  contact 

cr  critical 

d  dead space 
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e  outside; outer 

el  electrical 

eq   equivalent 

ev  evaporation; evaporator 

exp  expansion 

ext  external 

f  film 

fan  fan 

fin  fin 

gc   gas cooler 

gl  global 

HP  heat pump 

i   inside; inner 

in   inlet 

iso  isentropic 

m   mean 

min  minimum 

ng  natural gas 

out  outlet 

p  pass; pressure 

pc  pseudocritical 

r  real 

s  swept, slice 

sh  superheating 

t  tube 

tot  total 

tub  tube bank 

v  thermostatic expansion valve; volume  

vol  volumetric; volume 

w   wall 

we   external wall 

wi   internal wall 



                                                                                                                                        



                                                                                                                                        

2. INTRODUCTION 
 

 

2.1. Preface 

The 1987 Montreal Protocol and its amendments (UNEP, 1987) dictated the abolishment of 

the CFCs (chlorofluorocarbons) and HCFCs (hydrochlorofluorocarbons) as working fluids, 

known to be harmful to the environment. These substances have been commonly applied in 

refrigeration, air conditioning, and heat pump systems but at present, two main groups of 

working fluids have replaced them, namely, the HFCs (hydrofluorocarbons) and the natural 

working fluids. However, the global warming potential (GWP) of the HFC gases is very high; 

a release of 1 kg of a HFC gas can contribute up to 10,000 times to global warming than a 

release of 1 kg of CO2 and this is the reason why these gases are included in the more 

recent 1997 Kyoto Protocol as compounds to be regulated. 

The natural working fluids are the naturally occurring substances like ammonia, 

hydrocarbons, carbon dioxide, water, air, etc. They have zero ozone depletion potential 

(ODP), and the majority of them has zero or near-zero GWP, however some of them can be 

flammable and/or toxic. 

Among these natural refrigerants, CO2 is non-flammable and non-toxic and it exhibits 

excellent heat transfer properties. It has relatively lower specific volume, resulting in 

component size reduction for the same operating conditions. The difficulties connected with 

its low critical temperature (30.98°C) could be successfully overcome by operating the 

system in the transcritical mode, where single-phase heat rejection occurs above the critical 

temperature in a gas cooler instead of a condenser as in conventional systems, and where 

pressure and temperature can be controlled independently to obtain optimum performance. 

In the past, the lack of some components, caused by the high pressures needed to operate 

the system in the transcritical mode, was one of the most critical problems. However, with the 

manufacturing technology and the knowledge base existing today, it could be possible to fully 

utilize the advantages introduced by the high pressure and high temperature lift without any 

problem.  

 

2.2. Purpose of the work 

Due to its transcritical nature, the performance of a CO2 heat pump system will not be exactly 

the same as the conventional subcritical vapor compression systems, therefore, simulation 

models developed for the conventional systems cannot be employed for this new system but 
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new theoretical system simulation studies are needed as experimental performance 

evaluation is difficult, expensive and time consuming.  

In the last few years several theoretical and experimental studies have been done on 

transcritical CO2 systems and in particularly in heat pump applications like heat pump water 

heaters and residential heat pumps for space heating or cooling. The purpose of this work is 

to study the possibility to use CO2 in processes with temperatures up to 70 °C, e.g. heat 

pump driers or large space heating.  

The first goal of the work is to present the behavior of transcritical CO2 from the point of view 

of its thermal and mechanical properties through different correlations present in literature.     

The second goal of the work is to develop a system model written in Matlab language for 

simulating the operation of a heat pump system based on cross-counter-flow fin-and-tube 

heat exchangers. 

Finally, the theoretical performance and cost of the delivered heat of the heat pump system 

and the effects on them of operating parameters such as, ambient air temperature, outlet 

temperature and mass flow rate of the heated air will be presented and discussed. 

 

2.3. Development of the work 

In chapter 3, general information about heat pumps is reported to present how a heat pump 

works, which are its components, the working fluids most used, how to calculate the 

permorfance and its application in industrial and residential fields.  

In chapter 4, a review about the transcritical cooling of CO2 is presented to see the most 

important heat transfer correlations that can be used to model a transcritical CO2 gas cooler. 

In chapter 5, the modeling of the components of the heat pump system are presented to 

illustrate how they are simulated and which are the assumptions made. The numerical 

procedure of the computer code is presented, as well. 

In chapter 6, the operating conditions and the obtained results of the simulations about the 

performance of the heat pump system are presented and discussed. 

In chapter 7, the obtained results of the simulations about the costs of the output heat and 

the savings compared to other alternatives are presented and discussed. 

In chapters 8 and 9, a short description of the environmental impact and the budget of the 

project from the point of view of the development of the simulation model and the computer 

code is presented. 



                                                                                                                                        

3. HEAT PUMP GENERALITIES 
 

 

3.1. Introduction 

Heat pumps are devices able to force heat flowing from a lower to a higher temperature, 

using a relatively small amount of high quality drive energy (electricity, fuel, or high-

temperature waste heat). Thus, heat pumps can transfer heat from natural heat sources in 

the surroundings (so called low-temperature sources normally unusable), such as air, ground 

or water, or from man-made heat sources, such as industrial or domestic waste, to a building 

or an industrial application.  

Because heat pumps consume less primary energy than conventional heating systems, they 

are an important technology for reducing gas emissions that harm the environment, such as 

carbon dioxide (CO2), sulphur dioxide (SO2) and nitrogen oxides (NOx). However, the overall 

environmental impact of electric heat pumps depends very much on how the electricity is 

produced. Heat pumps driven by electricity from, for instance, hydropower or renewable 

energy reduce emissions more significantly than if the electricity is generated by coal, oil or 

gas-fired power plants.  

Therefore, a heat pump can potentially save energy and money and reduce harmful 

emissions to the environment. In the next sections heat pump technology, working fluids and 

applications will be discussed. 

 

 

3.2. Heat pump technology 

Almost all heat pumps currently in operation are either based on a vapor compression, or on 

an absorption cycle. The cycle we will study in this work is a vapor compression cycle driven 

by an electrical compressor. 

3.2.1. Vapor compression cycle 

The great majority of heat pumps work on the principle of the vapor compression cycle. The 

main components in such a heat pump system are two heat exchangers, namely the 

evaporator and the condenser, the compressor and the expansion valve, as shown in Fig. 

3.1. The components are connected to form a closed circuit through a volatile liquid, known 

as the working fluid, circulates.  
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In the evaporator (1) the temperature of the liquid working fluid is kept lower than the 

temperature of the heat source, causing heat to flow from the heat source to the liquid, and 

the working fluid evaporates. Vapor from the evaporator is compressed (2) to a higher 

pressure and temperature. The hot vapor then enters the condenser (3), where it condenses 

and gives off useful heat. Finally, the high-pressure working fluid is expanded to the 

evaporator pressure and temperature in the expansion valve (4). The working fluid is 

returned to its original state and once again enters the evaporator. The compressor is usually 

driven by an electric motor, sometimes by a combustion engine and in rarely cases by 

renewable-driving energy.  

    

In our case, an electric motor drives the compressor. As we will see in the section on heat 

pump performance, the overall energy efficiency of the heat pump strongly depends on the 

efficiency by which the electricity is generated.   

3.2.2. Heat source 

The technical and economic performance of a heat pump is closely related to the 

characteristics of the heat source.  

Ambient and exhaust air, soil and ground water are practical heat sources for small heat 

pump systems, while sea/lake/river water, rock (geothermal) and waste water are used for 

large heat pump systems. The heat source utilized by the heat pump considered in this work 

is ambient air. 

Ambient air is free and widely available, and it is the most common heat source for heat 

pumps. Air-source heat pumps, however, achieve lower efficiency performance than water-

source heat pumps. 

Fig. 3.1 - Principle of electric-motor-driven vapor compression heat pump. 
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3.2.3. Heat pump performance 

The steady-state performance of an electric compression heat pump at a given set of 

temperature conditions is referred to as the coefficient of performance COP. It is defined as 

the ratio of heat delivered by the heat pump and the electrical energy supplied to the 

compressor:  

     
EnergyElectrical

HeatUseful

EnergyElectrical

EnergyElectricalHeatExtracted
COP

_

_

_

__



                (eq. 3.1) 

The COP of a heat pump is closely related to the temperature lift, namely the difference 

between the temperature of the heat source and the output temperature of the heat pump, 

even if it depends also on chemical and physical qualities of the refrigerant and technical 

parameters of the heat pump. The typical COP range for a heat pump driven by an electrical 

compressor is 2.5  5, i.e. 1 kWh of electrical energy consumed by the heat pump produces 

2.5  5 kWh of heat. 

 

 

3.3. Main working fluids 

3.3.1. Traditional working fluids 

CFCs 

Due to their chlorine content and chemical stability, CFCs (Chlorofluorocarbons) are harmful 

to the global environment. They have a high ozone depletion potential ODP and because of 

that, they belong to the group of prohibited refrigerants.  

HCFCs 

HCFCs (hydrochlorofluorocarbons) working fluids also contain chlorine, but they have much 

lower ODP than CFCs, typically 2-5%, due to a lower atmospheric chemical stability. The 

GWP is typically 20% of that of CFCs. HCFCs should be phased out for industrialized 

countries by the year 2010.  

HFCs 

Since HFCs (hydrofluorocarbons) are chlorine-free refrigerants and do not contribute to 

ozone depletion, they can be considered long-term alternative refrigerants to CFCs and 

HCFCs. However, they do still contribute to direct and indirect global warming. Special 

attention must be given to the use of lubricants. Mineral oils are non-miscible with these 

refrigerants. Normally only ester-based lubricant oils recommended by the refrigerant 
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manufacturer should be used. Mineral oil residues must be completely removed during 

retrofitting.  

3.3.2. Blends 

A blend or mixture consists of two or more pure working fluids, and can be zeotropic, 

azeotropic or near-azeotropic. Azeotropic mixtures evaporate and condense at a constant 

temperature, the others over a certain temperature range (temperature glide). The 

temperature glide could be utilized to enhance performance, but this requires equipment 

modification. The advantage of blends is that they can be custom-made to fit particular 

needs. The new generation of blends is chlorine-free, and will mainly be made from HFCs 

and hydrocarbons, for example propane. Blends represent an important alternative to 

HCFCs, both for retrofit and new applications. 

3.3.3. Natural working fluids 

Natural working fluids are substances naturally existing in the biosphere. They generally 

have negligible global environmental drawbacks. They are therefore long-term alternatives to 

the HCFCs. Examples of natural working fluids are ammonia NH3, hydrocarbons (e.g. 

propane), carbon dioxide CO2, air and water. Some of the natural working fluids are 

flammable or toxic. The safety implications of using such fluids may require specific system 

design and suitable operating and maintenance routines.  

Ammonia NH3  

NH3 is in many countries the leading working fluid in medium and large refrigeration and cold 

storage plants. Codes, regulations and legislation have been developed mainly to deal with 

the toxic and to some extent, the flammable characteristics of ammonia. Thermodynamically 

and economically ammonia is an excellent alternative to HCFCs in new heat pump 

equipment. It has so far only been used in large heat pump systems, however, it can also be 

considered in small systems, the largest part of the heat pump market, but safety aspects 

have to be handled by using equipment with low working fluid charge and security measures.  

Ammonia is not yet used in high-temperature industrial heat pumps because there are 

currently no suitable efficient high-pressure compressors available   

Hydrocarbons HCs  

HCs are well known flammable working fluids with favorable thermodynamic properties and 

material compatibility. Presently, propane, propylene and blends of propane, butane, iso-

butane and ethane are regarded as the most promising hydrocarbon working fluids in heat 

pumping systems. HCs are widely used in the petroleum industry, sporadically applied in 

transport refrigeration, domestic refrigerators and residential heat pumps. Due to the high 
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flammability, hydrocarbons should only be retrofitted and applied in systems with low working 

fluid charge. To ensure necessary safety during operation and service, security measures 

have to be taken. 

Water  

Water is a good working fluid for high temperature industrial heat pumps due to its favorable 

thermodynamic properties at temperatures higher than 150 °C and because it is neither 

flammable nor toxic. Water has mainly been used as a working fluid in open and semi-open 

mechanical vapor compression systems, but there are also a few closed-cycle compression 

heat pumps with water as working fluid. There is a growing interest in utilizing water as a 

working fluid, especially for high temperature applications: typical operating temperatures are 

in the range from 100°C to 150°C up to 300°C. The major disadvantage with water as a 

working fluid is that the low volumetric heat capacity that requires large and expensive 

compressors, especially at low temperatures.  

Carbon Dioxide CO2 

CO2 is a potentially strong refrigerant that is attracting growing attention from all over the 

world. CO2 is non-toxic, non-flammable and is compatible to normal lubricants and common 

construction materials. The volumetric refrigeration capacity is high and the pressure ratio is 

greatly reduced. However, the theoretical COP of a conventional heat pumping cycle with 

CO2 is rather poor, and effective application of this fluid depends on the development of 

suitable methods to achieve competitively low power consumption during operation near and 

above the critical point. CO2 products are still under development, and research continues to 

improve systems and components, as in this work.  

 

 

3.4. Heat pump applications 

3.4.1. Residential and commercial buildings 

Heat pumps for heating and cooling buildings can be divided into four main categories 

depending on their operational function:  

 Heating-only heat pumps, providing space heating and/or water heating.  

 Heating and cooling heat pumps, providing both space heating and cooling.  

 Integrated heat pump systems, providing space heating, cooling, water heating and 

sometimes exhaust air heat recovery.  
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 Heat pump water heaters fully dedicated to water heating.  

Air is the most common distribution medium in the mature heat pump markets of Japan and 

the United States. The air is either passed directly into a room by the space-conditioning unit, 

or distributed through a forced-air ducted system. The output temperature of an air 

distribution system is usually in the range of 30-50°C. In residential applications room heat 

pumps can be reversible air-to-air heat pumps. 

Water distribution systems (hydronic systems) are predominantly used in Europe, Canada 

and the northeastern part of the United States. Conventional radiator systems require high 

distribution temperatures, typically 60-90°C.  

3.4.2. Industry 

Relatively few heat pumps are currently installed in industry. However, as environmental 

regulations become stricter, industrial heat pumps can become an important technology to 

reduce emissions, improve efficiency, and limit the use of ground water for cooling. 

To ensure the sound application of heat pumps in industry, processes should be optimized 

and integrated, improving energy efficiency. Industrial applications show a great variation in 

the type of drive energy, heat pump size, operating conditions, heat sources and the type of 

application. The heat pump units are generally designed for a specific application, and are 

therefore unique. 

The major types of industrial heat pumps are: 

 Closed-cycle mechanical heat pumps.  

 Open-cycle mechanical vapor compression heat pumps. 

 Open-cycle thermocompression heat pumps. 

 Closed-cycle absorption heat pumps.  

The most interesting application areas for the type of heat pump considered in this work are: 

Space heating 

Heat pumps can utilize conventional heat sources for heating of greenhouses and industrial 

buildings, or they can recover industrial waste heat that could not be used directly, and 

provide a low to medium temperature heat that can be utilized internally or externally for 

space heating. Mainly electric closed-cycle compression heat pumps are used. 
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Drying process 

Heat pumps are used extensively in industrial dehumidification and drying processes at 

temperatures up to 100ºC. The main applications are drying of pulp and paper, various food 

products and wood and lumber but also for commercial cloth or car wash drier. Drying of 

temperature-sensitive products is also interesting. Heat pump dryers generally have high 

performance, and often improve the quality of the dried products as compared with traditional 

drying methods. If the drying is executed in a closed system, also odors from the drying of 

food products etc. are reduced. Both closed-cycle and open-cycle compression heat pump 

systems are used. 

Other important industrial heat pump applications are: 

 Process water heating and cooling, providing cool, warm and hot process water for 

washing, sanitation and cleaning purposes.  

 Steam production, producing steam up to 150ºC. 

 Evaporation and distillation processes, in chemical and food industries.  
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4. LITERATURE REVIEW ON TRANSCRITICAL CO2 

UNDER COOLING CONDITIONS 
 

 

4.1. Introduction 

The first step for modeling and design a gas cooler is to know the appropriate correlations 

that can be used to calculate properly the heat transfer coefficient. The purpose of this 

chapter is to report some correlations about transcritical CO2 under cooling conditions 

proposed by different authors that is possible to use depending on the particular configuration 

of gas cooler, the kind of process and the assumptions made. 

 

4.2. Heat transfer correlations 

Gnielinski (1976) [1] developed an equation based on experimental data for large Reynolds 

numbers and high Prandtl numbers, which incorporate both the transition region and the 

region of fully developed flow in pipes and channels and valid in the range 2300 < Re < 106. 

A large enhancement in heat transfer is found at the pseudocritical temperature. 
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Nu                                                                  (eq. 4.1) 

Petrov & Popov (1985) [2] numerically developed a correlation for cooled transcritical flow of 

CO2 where free convection is negligible and found good agreement with experimental data. 

The developed Nusselt correlation, valid for 54 108Re101.3  b , is: 
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The correlation of Pitla et al. (2002) [3] is based on mean Nusselt numbers that are 

calculated with the thermophysical properties at wall and bulk temperatures respectively 

and using the Gnielinski correlation. This value is corrected by the ratio of thermal 

conductivity at wall and bulk temperature. 
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The correlation of Liao et al. (2002) [4] is based on an experimental investigation with 

stainless steel circular tubes having diameters of 0.70, 1.40, and 2.16 mm were 

investigated for pressures ranging from 74 to 120 bar, temperatures from 20 to 110 °C, 

and mass flow rates from 0.02 to 0.2 kg/min. The corresponding Reynolds numbers and 

Prandtl numbers ranged from 104 to 2·105 and from 0.9 to 10, respectively. The 

experimental results reveal that in downward flow, a significant impairment of heat transfer 

was discerned in the pseudocritical region, although heat transfer for both horizontal and 

upward flow was enhanced. The experimental results further indicate that in all flow 

orientations, the Nusselt numbers decreased substantially as the tube diameter shrunk to 

<1.0 mm.  
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With the Grashof number 
 

2

3

b

bbw dg
Gr


 

                                                   (eq. 4.5) 

Dang et al. (2002) [5] measured the effect of mass flux, pressure, and heat flow on the heat 

transfer coefficient for four horizontal cooling tubes with different inner diameters ranging 

from 1 to 6 mm. A modified Gnielinski equation by selecting the reference temperature 

properly was then developed to predict the heat transfer coefficient of transcritical carbon 

dioxide under cooling conditions. The new correlation is an arithmetic mean value of the 

Nusselt numbers calculated at the bulk and film temperature and corrected by the ratio of the 

thermal conductivity at bulk and film temperature. 
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                                                                              (eq. 4.6) 

Wei et al. (2002) [6] performed experiments with transcritical CO2 up to about 110 bar in a 

horizontal stainless steel tube (inner diameter 10 mm, cooled length 1200 mm). Two mass 

fluxes 160 and 248 kg/m2s have been considered. The heat flow range was between 8 kW/m2 

and 35 kW/m2. Wei et al. used a Dittus-Boelter-type Nusselt correlation with two correction 

factors for specific heat and dynamic viscosity where the values of C, m and n depend on 

pressure. 
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Yoon et al. (2003) [7] suggested a Nusselt correlation for transcritical CO2 flow in a horizontal 

tube with an inner diameter of 7.73 mm under cooling conditions. The experiments were 

conducted for mass fluxes 225, 337 and 450 kg/m2s at pressures from 75 bar to 88 bar. 

Nucp,w has to be calculated using the Gnielinski equation (1976) with the thermophysical 

properties at wall temperature Tw. In designing a heat exchanger it is much easier to take the 

properties at bulk temperature of the flow instead at the initially unknown wall temperature. 

Yoon et al. (2003) found that all previous correlations underpredict their data and proposed a 

new correlation for engineering purpose. The coefficients depend on the distance between 

bulk and pseudocritical temperature. Yoon et al. proposed a Nusselt correlation of the Dittus-

Boelter type with the values for C, m, n and b depending on the Tb. 
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PrRe                                                                               (eq. 4.8) 

  if  Tb > Tpc              a = 0.14, b = 0.69, c = 0.66, n = 0  

  if  Tb ≤ Tpc                  a = 0.013, b = 1.0, c = -0.05, n = 1.6  

The correlation between the pseudocritical temperature in °C and pressure in Pa is obtained 

with [8] as follows: 

              432 0007521.003160.06927.015.1240.31 ppppTpc                    (eq. 4.9) 

Son et al. (2006) [9] for their experimental study considered a gas cooler with a tube of 6000 

mm in length divided into 12 subsections. The local heat transfer coefficient of CO2 agrees 

well with the correlation by Bringer–Smith. However, at the region near the pseudocritical 

temperature, the experiments indicate higher values than the Bringer–Smith correlation. 
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5. DESCRIPTION OF THE SIMULATION MODEL 
 

 

5.1. Introduction 

The heat pump system mathematically modeled can be graphically represented as shown in 

Fig. 5.1 and consists of: 

1. Compressor 

2. Gas cooler 

3. Thermostatic expansion valve 

4. Evaporator 

The compressor considered is an open-drive type. The gas cooler and the evaporator are fin-

and-tube heat exchangers and they are run in cross-counter-flow mode. The thermostatic 

expansion valve is a normal isenthalpic expansion device.  

 

CO2 enters the compressor at state 1 and is compressed to state 2. It is subsequently cooled 

from state 2 to state 3 in the gas cooler. Gas cooling takes place at constant pressure, but 

the fluid temperature drops through the process. The refrigerant is subsequently expanded 

from state 3 to state 4. The refrigerant then evaporates at constant temperature and pressure 

from state 4 to state 1. Air is taken as secondary fluid for both gas cooler and evaporator and 

Fig. 5.1 - Scheme of heat pump system. 
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in the gas cooler it rises its temperature from state A to state B giving the useful heating 

output. An example of the corresponding temperature-entropy diagram with air flow line is 

shown in Fig. 5.2: 

 

The whole system has been modeled based on energy balance of individual components; 

mass and energy conservation equations are presented in detail for each component below. 

The following assumptions have been made in the analysis: 

 Heat transfer with the ambient is negligible. 

 Compression process is adiabatic but not isentropic. 

 Pressure drop in connecting pipes are negligible.  

 Changes in kinetic and potential energies are negligible. 

 Refrigerant is free from oil. 

Attention will now be turned to a more detailed description of each component model. For 

convenience, we will not put the subscript to refer to a component in the section about that 

component. 

Fig. 5.2 – Example of temperature-entropy diagram of transcritical CO2 system. 
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5.2. Compressor modeling 

The open-drive compressor modeling approach is based on the work of [10]. In addition, the 

following assumptions are made in applying the open-drive compressor model:  

 Compressor mechanical efficiency represents heat generated from friction in the 

drive mechanism. 

 Compressor operates at steady-state.  

5.2.1. Inlet variables 

The inlet variables can be classified in 2 categories. On the one hand, characteristics of the 

compressor that will not change during the different simulations and on the other hand the 

operating data. 

Characteristics of compressor: 

- Total volume, Vtot; 

- Ratio between dead space and swept volume, ε; 

- Number of cylinders, nc; 

- Electrical efficiency, ηel; 

- Isentropic efficiency parameters, C, K.  

Operating data: 

- CO2 outlet temperature of the evaporator, Tout,ev; 

- Evaporation pressure, pev; 

- Rotation speed, N; 

- Outlet pressure, HP. 
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5.2.2. Mass flow rate, outlet temperature and power 

We consider an open-drive compressor where the swept volume Vs and the dead space Vd 

are: 

 
c

tot
s n

V
V                                                                                                          (eq. 5.1) 

 sd VV                                                                                                         (eq. 5.2) 

The theoretical volumetric flow rate qv,s,CO2 is: 

    
602,,

N
Vq sCOsv                                                                                                 (eq. 5.3) 

 Fig. 5.3 shows the evolution of pressure and volume during intake, compression, expansion 

and discharged. 

 

Fig. 5.3 - Diagram of Crank for an open-drive compressor. 
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The high pressure HP is a data in the modeling and the low pressure LP is the evaporation 

pressure pev: 

evpLP                                                                                                               (eq. 5.4) 

The inlet temperature Tin,CO2, used to calculate the thermodynamic properties at the inlet 

condition, is: 

evCOoutCOin TT ,2,2,                                                                                                  (eq. 5.5) 

The refrigerant is taken at the low pressure LP (4-1), compressed, in a first approximation in 

an adiabatic and reversible way (1-2), and finally discharged (2-3). During the discharge of 

the refrigerant at high pressure it is not possible to prevent that a part remains in the dead 

space.  

This fact implies that the suction of a new part of refrigerant begins only when the refrigerant 

remained in the dead space will be expanded till the low pressure. Therefore, the real 

volumetric flow rate qv,r,CO2 is lesser than the theoretical volumetric flow rate qv,s,CO2: 

6060 2,,2,,

N
Vq

N
Vq sCOsvcCOrv                                                                       (eq. 5.6) 

So, we can define a volumetric efficiency, as: 
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vol V

V

q

q
                                                                                        (eq. 5.7) 

If the refrigerant is considered as a perfect gas and the compression (1-2) and the expansion 

(3-4) are adiabatic and reversible processes, we have: 

k
CO

k
CO VpVp 2,332,44                                                                                           (eq. 5.8) 

2,

2,

COv

COp

c

c
k                                                                                                             (eq. 5.9) 

Where:  

cp,CO2 : specific heat at constant pressure; 

cv,CO2 : specific heat at constant volume. 
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In  Fig. 5.3, we can see that: 

2,42,12, COCOCOc VVV                                                                                        (eq. 5.10) 
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Therefore, the mass flow rate qm,CO2 can be expressed as: 

csCOinvolCOm n
N

Vq
602,2,                                                                                (eq. 5.16) 

Where:  

ρin,CO2 : density during the suction; 

nc : number of cylinders. 

The isentropic efficiency is equal to the rate of work that would be done on the refrigerant if 

the compression were an isentropic process divided by the actual rate of work done on the 

refrigerant. 

 
2,2,

2,,2,

COinCOout

COinisoCOout
iso hh
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                                                                               (eq. 5.17) 

Where: 

 hin,CO2 : enthalpy at the inlet conditions; 

 hout,CO2,iso : enthalpy at the outlet conditions for an isentropic compression. 
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So the enthalpy at the outlet conditions hout,CO2 can be calculate as:  

    2,
2,,2,

2, COin
iso

COinisoCOout
COout h

hh
h 





                                                            (eq. 5.18) 

The isentropic efficiency of the compressor depends on the compression ratio and it is 

estimated by employing the following empirical correlation for the open-drive compressor: 

 







LP

HP
KCiso                                                                                        (eq. 5.19) 

The outlet temperature depends on the enthalpy at the outlet condition hout,CO2 and the outlet 

pressure HP: 

 ),( 2,2, COoutCOout hHPfT                                                                               (eq. 5.20) 

The electrical efficiency relates the power required by the compressor Pc to the work actually 

done on the refrigerant Pact. 

 
c
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el P

P
                                                                                                      (eq. 5.21) 

So, the electrical power of the compressor is: 
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                                                                        (eq. 5.22) 
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5.3. Gas cooler modeling 

5.3.1. Presentation of the heat exchanger 

The gas cooler modeling allows us to simulate the behavior of a gas cooler consisting of a 

cross-counter-flow fin-and-tube heat exchanger in which transcritical CO2 gets a temperature 

drop. An example of this type of heat exchanger is illustrated in Fig. 5.4. The heat exchanger 

is surrounded by a sheath, whose size is defined by the size and number of tubes and fins. 

The fans blow air directly on the tubes. 

 

 

The tubes are arranged in staggered disposition, as shown in Fig. 5.5. 

 

 

Fig. 5.4 - Example of a cross-flow fin-and-tube heat exchanger. 

Fig. 5.5 - Staggered tube disposition. 
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Tubes pass through metal plates that form the fins, as shown in Fig. 5.6. 

 

 

Fig. 5.7 shows a two-pass heat exchanger. This one is composed by a certain number of 

parallel tubes. 

 

Because the CO2 collectors of entry and exit are in common for each tube, air enters into the 

exchanger with the same temperature through the plan of entry and the tubes are disposed 

in parallel, we consider only one tube for the calculation of the heat flow exchanged. The gas 

cooler operates at steady state and the total heat flow exchanged is obtained by multiplying 

the previous value for the total number of tubes. 

5.3.1.1. Geometry of the heat exchanger 

The geometric parameters that we need are two types. On the one hand, the fin-and-tube 

geometry, in Fig. 5.8, on the other hand, the transversal and longitudinal tube spacing, in Fig. 

5.9. 

Fig. 5.6 – Tubes with fins. 

Fig. 5.7 - Two-pass heat exchanger. 
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Where:  

  hfin : fin height; 

  b : fin thickness; 

  di : tube inner diameter;  

  de : tube outer diameter; 

  s’ : fin pitch; 

  s : space between the centers of the fins. 

 

Where:      

pT : transversal tube spacing; 

 pL : longitudinal tube spacing. 

Fig. 5.8 - Fin-and-tube geometry. 

Fig. 5.9 - Transversal and longitudinal tube spacing. 
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5.3.2. Methodology used to determine the performance 

A finite element approach has been used in the modeling of the gas cooler because of the 

rapidly varying of the thermophysical properties in the pseudocritical region, and also to 

improve optimization of gas cooler configuration over a wide range of multi-pass and multi-

tube geometry. The scheme of the gas cooler is shown in Fig. 5.10.  

 

As shown in Fig. 5.11, each pass of the gas cooler is separated into n equal-length elements 

(slice) along the refrigerant flow direction.  

 

Fig. 5.10 - Gas cooler scheme. 

Fig. 5.11 - Heat exchanger discretization. 
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Each slice is treated as a cross-flow heat exchanger whose outlet fluid parameters are 

determined by energy balance equations. The model assumes no conduction inside the 

tubes along the refrigerant direction and uniform air temperature and velocity in the plan 

perpendicular to the air flow direction. Since the air in the entry plan has a uniform 

temperature and the inlet temperature of CO2 is the same for each tube (collector single 

entry), we study just one tube.  

5.3.2.1. Inlet variables 

The inlet variables can be classified in three categories. On the one hand, the geometric 

parameters of the heat exchanger as well as the Material properties used (tubes and fins) 

that will not change during the different simulations and on the other hand the operating data. 

Geometric parameters: 

 Tube length, lo; 

 Tube inner diameter, di; 

 Tube thickness, e; 

 Fin thickness, b; 

 Fin pitch, s’; 

 Space between the centers of the fins, s; 

 Number of tubes, nt; 

 Number of passes, np; 

 Transversal tube spacing, pT; 

 Longitudinal tube spacing , pL; 

 Heat exchanger resistance constant, HERC; 

 Fan efficiency, ηfan. 

Material properties: 

 Fin thermal conductivity, λfin; 

 Tube thermal conductivity, λt. 
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Operating data: 

 Air inlet temperature, Tin,air; 

 Air mass flow rate, qm,air; 

 CO2 inlet pressure, pin,CO2; 

 CO2 mass flow rate, qm,CO2; 

 CO2 inlet temperature, Tin,CO2; 

 Approach temperature difference between inlet air and outlet CO2, ΔTap; 

 Compressor power, Pc. 

Remarks about the connections:  

- The air temperature exiting a slice is used as the inlet temperature of the slice lying 

immediately down-wind along the passes. 

- The CO2 temperature exiting a slice is used as the inlet temperature of the following 

slice along the tube. 

5.3.2.2. Heat flow exchanged 

5.3.2.2.1 Heat transfer coefficient outside the tubes – Air side 

The air mass flow rate qm,air,s that passes through one slice is:  

t

airm
sairm nn

q
q


 ,

,,                                                                                                   (eq. 5.23) 

The air inlet temperature of each slice of the first pass is known. With the outlet temperature 

Tout,air
i,j, it is possible to calculate the mean temperature of the air Tm,air

i,j of each slice i for 

each pass j.  
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                                                                             (eq. 5.24) 

Now, we can calculate the thermodynamic properties λ, ρ, µ, cp at the mean temperature, 

and, so on, the Reynolds number for slice i, pass j, in which the characteristic length is the 

space between the centers of the fins, s.  
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Where:  

qm,air,s : air mass flow rate; 

Amin : air passage section; 

µm,air
i,j

 : air dynamic viscosity at the mean temperature. 

The air passage section Amin can be determined as:  
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                                                                            (eq. 5.26) 

The fin height hfin and lenght lfin are defined as: 

Tfin ph                                                                                                             (eq. 5.27) 

Lfin pl                                                                                                               (eq. 5.28) 

The Prandtl number for slice i, pass j is: 
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                                                                               (eq. 5.29) 

Where:  

cpm,air
i,j: air specific heat at the mean temperature; 

λm,air
i,j: air thermal conductivity at the mean temperature; 

µm,air
i,j: air dynamic viscosity at the mean temperature. 

The heat transfer coefficient between air and the outside wall of the tubes Ke,air
i,j,  according 

to the classical correlation based on the Nusselt number, is: 
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Where:  

Nuair
i,j: Nusselt number; 

s’ : fin pitch; 
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The correlation selected to calculate the Nusselt number was proposed by Zukauskas [12], 

depending on the disposition of the tubes and Reynolds and Prandtl numbers. For the 

staggered disposition, the proposed correlation, valid for 102 < Re < 2·104, is: 

33.0,65.0,
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Where: 
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When the fin is not circular, but rectangular, as in our case, we have to calculate the height of 

the equivalent circular fin, namely the fin with equal surface of the rectangular fin. 
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                                                                                     (eq. 5.34) 

Finally, we can calculate the heat transfer coefficient between the air and the outside wall of 

the tubes Ke,air
i,j. 

5.3.2.2.2 Fin efficiency 

The heat flow exchanged between the air and the refrigerant is increased by the increase 

surface due to the presence of fins (secondary surface) on the tubes (primary surface). 

A secondary surface is less effective than a primary surface because the temperature 

difference between the air and the fin decreases along this one, therefore a fin efficiency Ω 

can be defined. It expresses the ratio between the real heat flow that passes through the fin 

and the heat flow that would pass if its material had infinite thermal conductivity. It can be 

calculated as [14]: 
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                                                                                  (eq. 5.36) 

Where: 

 rfin,e : circular fin outer radius; 

 rfin,i : circular fin inner radius. 

If the fin has a rectangular shape, the efficiency is calculated as the size of the equivalent 

circular fin (equal surface). In this case: 
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eqfinifinefin hrr ,,,                                                                                              (eq. 5.38) 

The m coefficient is defined as: 
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                                                                                              (eq. 5.39) 

Where:  

Ke,air
i,j: outside heat transfer coefficient; 

λfin : fin thermal conductivity; 

b : fin thickness . 

The resistance due to the conduction through the tube material toward the fins has been 

assumed negligible.  

5.3.2.2.3 Heat transfer coefficient inside the tubes – Refrigerant side 

The CO2 inlet temperature in slice i, pass j Tin,CO2
i,j is unknown and it is equal to: 

- The outlet temperature Tout,CO2 in slice i+1, pass j (i ≠ 1 and j odd);  

- The outlet temperature Tout,CO2 in slice i-1, pass j (i ≠ n and j even); 

- The outlet temperature Tout,CO2 in slice n, pass j+1 (i = n and j odd); 

- The outlet temperature Tout,CO2 in slice 1, pass j+1 (i = 1 and j even). 

It is therefore possible to calculate the CO2 mean temperature in slice i, pass j Tm,CO2
i,j 

knowing Tout,CO2
i,j

  and the film temperature Tf,CO2
i,j knowing the inside wall temperature Twi

i,j: 
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As already seen in chapter 1, in literature there are different correlations that can calculate 

the Nusselt number. For the model of this work, the correlation of Pitla (2002) [5] has been 

selected, and in the next chapter it will be explained why this one. 

In this correlation, the Nusselt number depends on the Nusselt numbers calculated with the 

Gnielinski correlation (1976) [1] at the mean and wall temperatures and on thermal 

conductivities at the mean and wall temperatures.  
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                                              (eq. 5.42) 

The Nusselt number proposed by Gnielinski is a correlation depending on the Reynolds and 

Prandtl numbers and on the friction factor of Filolenko. 

For each slice i, pass j, we can calculate the thermodynamic properties λ, ρ, µ, cp at the 

mean and wall temperature and, so on, the Reynolds number in which the characteristic 

length is the tube inner diameter di:  
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                                                                               (eq. 5.43) 

Where:  

qm,CO2,t: CO2 mass flow rate through one tube; 

            A: CO2 passage section; 

di: tube inner diameter;   

µCO2
i,j: CO2 dynamic viscosity. 

             
t

COm
tCOm n

q
q 2,

,2,                                                                                                (eq. 5.44) 
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The Prandtl number is: 
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Where:  

cpCO2
i,j: CO2 specific heat at the mean temperature; 

λCO2
i,j: CO2 thermal conductivity at the mean temperature; 

µCO2
i,j: CO2 dynamic viscosity at the mean temperature. 

And the friction factor of Filolenko is given by: 
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Finally, the Nusselt numbers at mean and wall temperatures, valid in the range                  

2300 < Re < 106, are:  
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The heat transfer coefficient Ki,CO2
i,j between the inside wall of the tubes and CO2 for the 

classic correlation depending on the Nusselt number is: 
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                                                                          (eq. 5.50) 

Where:  

NuCO2
i,j

 : Nusselt number; 

di : tube inner diameter; 

λm,air
i,j: CO2 thermal conductivity at the mean temperature. 
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5.3.2.2.4 Global heat transfer coefficient 

Having calculated the values of the heat transfer coefficient inside and outside the tubes, the 

fins efficiency and knowing the geometry of the heat exchanger, we can calculate the global 

heat transfer coefficient referred to the inside surface with [14] : 

  ji
airefin

ji
o

i

i

e

t

i
ji

COi

ji
igl

KSS

S

r

rr

K

K

,
,

,,
2,

,
,

ln
1

1

















                                 (eq. 5.51) 

Where: 

 ri : tube inner radius; 

 re : tube outer radius; 

 λt : tube thermal conductivity; 

 Si : inside tube surface; 

 So: primary tube surface; 

 Sfin: fin surface. 

oii ldS                                                                                                       (eq. 5.52) 

 22 efinafinfin rhlnS                                                                                 (eq. 5.53) 

contexto SSS                                                                                                (eq. 5.54) 

Where: 

 lo : tube length; 

 la: fin width; 

 hfin: fin height; 

 Sext: outside tube surface; 

 Scont: tube surface in contact with the fins. 

oeext ldS                                                                                                    (eq. 5.55) 

efincont renS  2                                                                                             (eq. 5.56) 

5.3.2.2.5 Heat flow exchanged 

Now, we can calculate the heat flow Φi,,j exchanged between the air and CO2. 
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Where:  

 Tm,air
i,j

 : air mean temperature; 

 Si,s: inside tube surface for one slice; 

 Tm,CO2
i,j

 : CO2 mean temperature. 

n

S
S i

si ,                                                                                                          (eq. 5.58) 

5.3.2.2.6 Wall temperatures 

Knowing the heat flow exchanged Φi,,j, we can calculate the inside Twi
i,j

  and outside Twe
i,j wall 

temperatures of the tube: 
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5.3.2.2.7 CO2 inlet and air outlet temperatures 

Finally, we can calculate the CO2 inlet Tin,CO2
i,j and air outlet temperatures in slice i, pass j 

Tout,air
i,j : 
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5.3.2.2.8 Total heat flow and COP 

The heat flow exchanged throughout one tube Φt is the sum of the flows exchanged in each 

pass and slice. 

ji
t

,                                                                                                     (eq. 5.63)    

The total heat flow throug the heat exchanger Φtot is obtained by multiplying the flow of one 

tube for the number of tubes. 

 tttot n                                                                                                   (eq. 5.64)    

Now, it is already possible to calculate the coefficient of performance COP of the heat pump 

system as: 

  
c

tot

P
COP


                                                                                                    (eq. 5.65) 

Where: 

 Pc : Compressor power.    

5.3.2.3. Pressure drop 

5.3.2.3.1 Air side and fan power 

The pressure drop over the heat exchanger can be broken up into two additive components, 

as proposed by Rich (1973) [11]. The first component is the pressure drop across the 

staggered tube bank, and the second component is the pressure drop due to the fins, as 

shown in the following equation: 

 finairtubairair ppp ,,                                                                              (eq. 5.66) 

The pressure drop across the staggered tube bank will be calculated using the equation from 

Zukauskas (1983) [12]. 
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Where: 

keu: corrected Euler number; 

qm,air: air mass flow rate; 
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nt: number of tubes; 

ρair,in: air density at inlet conditions; 

Amin:  air passage section. 

The corrected Euler number is a function of the size and disposition of the tubes. 

The pressure drop due to the fins is expressed as a function of the fanning friction factor ξexp 

and it is calculated using the formulation proposed by Wang (2000) [13]: 
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                  (eq. 5.68) 

Where: 

σ: contraction ratio 

ρair,out: air density at outlet conditions; 

ρair,m: air density at mean conditions; 

Afin: surface area of all fins. 

So, the total pressure drop is: 
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             (eq. 5.69) 

In order to maintain the simplicity of the calculation, the first term of the equation is assumed 

as a constant that depends only on the geometric characteristics of the heat exchanger [15]. 
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                                                                                    (eq. 5.70) 

The heat exchanger resistance constant HERC has the dimension of m-4 and it allows the 

expression of the overall flow resistance of the air circuit of the heat exchanger as a function 

only of the mass flow rate and the inlet conditions. Its value has to be calculated from 

experimental flow rate and pressure drop measurements. 

Finally, it is possible to calculate the air inlet pressure. 

airambinair ppp ,                                                                                         (eq. 5.71) 

Although much of the electrical power consumed by the total system is due to the 

compressor, the gas cooler fan also requires a significant amount of power. The power 



Modeling of a Transcritical CO2  Heat Pump System for High Temperature Air Heating                                                            47 

 

                                                                                                                                        

required by the fan Pfan is directly related to the air side pressure drop, the air mass flow rate 

across the gas cooler and the fan efficiency ηfan. 

faninair

airm
airfan

q
pP


1

,

,                                                                                     (eq. 5.72) 

5.3.2.3.2 Refrigerant side 

Refrigerant side pressure drop across the heat exchanger can be calculated by adding the 

pressure drop of each slice together. Neglecting inertia effect, the frictional pressure drop for 

a fully developed turbulent single-phase flow in a smooth tube for each slice is given by [16]. 
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                                                                     (eq. 5.73) 

Where: 

ξCO2,i,j: friction factor; 

qm,CO2,t: CO2 mass flow rate; 

ls: slice length; 

ρCO2,in: CO2 density at inlet conditions; 

di: tube inner diameter; 

A:  CO2 passage section. 

Several equations have been developed for the friction factor ξ. Filolenko correlation is one of 

the most widely used for turbulent flow in smooth tubes and it is calculated as seen above: 

  2
,,2,,2 64.1Reln79.0  jiCOjiCO                                                                    (eq. 5.74) 

The total pressure drop of the gas cooler is the sum of the pressure drop of each slice and 

pass multiplied for the number of the tubes. 

jiCOtCO pnp ,,22                                                                                         (eq. 5.75) 

Finally, the outlet pressure will be: 

2,2 COoutCO pHPp                                                                                         (eq. 5.76) 
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5.4. Thermostatic expansion valve modeling 

A thermostatic expansion valve is a precision device used to provide a pressure drop in the 

system, separating the high pressure side of the system from the low pressure side. Thus 

allowing low pressure refrigerant to absorb heat into itself.  

5.4.1. Inlet variables 

The inlet variables are only operating data: 

 CO2 outlet pressure of the gas cooler, pCO2,out,gc; 

 CO2 outlet temperature of the gas cooler, T CO2,out,gc; 

 CO2 low pressure of the compressor, LP. 

5.4.2.  Outlet conditions 

The inlet pressure pCO2,in and inlet temperature TCO2,in are equals to the outlet pressure 

pCO2,out,gc and outlet temperature TCO2,out,gs of the gas cooler. 

gcoutCOinCO pp ,,2,2                                                                                     (eq. 5.77) 

gcoutCOinCO TT ,,2,2                                                                   (eq. 5.78) 

With those two properties, we can calculate the enthalpy at the inlet conditions hCO2,in. 

),( ,2,2,2 inCOinCOinCO pTfh                                                                           (eq. 5.79) 

The thermostatic expansion valve is considered adiabatic and this results in an isenthalpic 

process where the enthalpy at the outlet hCO2,out and inlet hCO2,in conditions are equal. 

inCOoutCO hh ,2,2                                                                    (eq. 5.80) 

The outlet pressure pCO2,out is equal to the inlet pressure in the evaporator LP.  

LPp outCO ,2                                                                                                     (eq. 5.81) 

With the outlet pressure pCO2,out and the enthalpy at the outlet conditions hCO2,out, we can 

finally calculate the vapor fraction at the outlet conditions xCO2. 

),( ,2,22 outCOoutCOCO hpfx                                                                                  (eq. 5.82) 
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5.5. Evaporator modeling 

5.5.1. Presentation of the heat exchanger   

The evaporator modeling is structured much like the gas cooler modeling and makes use of 

the same basic assumptions. However, because the evaporator is not the primary focus of 

this study, in order to maintain the simplicity, further important assumptions have been made: 

 The CO2 evaporative heat transfer coefficient remains constant during the whole 

process of evaporation. 

 The CO2 pressure drop is negligible. 

 In the air side, the evaporator surface remains dry during the whole process of 

evaporation. 

Below, the assumptions will be justified. The resulting model is a very simple model but, 

since the evaporator design is held constant and the useful heating output is given by the 

gas cooler, the approximation is not expected to affect too much the final results. 

The evaporator consists of a cross-flow fin-and-tube heat exchanger with two zones: 

1. Two-phase zone, where subcritical CO2 absorbs heat at constant temperature.  

2. Superheated zone, where saturated CO2 absorbs heat increasing its temperature. 

The disposition of the tubes and the fin-and-tube geometry are the same of the gas cooler. 

An example of this type of heat exchanger is illustrated in Fig. 5.12: 

 

Fig. 5.12 - Example of a fin-and-tube heat exchanger. 
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5.5.2. Methodology used to determine the performance 

The Fig. 5.13 shows the CO2 and air temperature profiles inside the evaporator.  

 

As we can see, the air temperature decreases during the process, while the CO2 temperature 

remains constant during almost the whole process and increases only at the final 

superheated zone.  

Unlike in the gas cooler, since in the evaporator the CO2 heat transfer coefficient is supposed 

to be constant and there is not a rapidly varying in the air thermophysical properties, a finite 

element approach is not required and the heat transfer flow will be considered uniform over 

the whole heat exchanger. 

5.5.2.1.  Inlet variables 

The geometric parameters and the Material properties of the evaporator are the same of the 

gas cooler and will not change during the different simulations. The operating data are: 

 Air inlet temperature, Tin,air; 

 Air temperature drop, ΔTair; 

 Superheating temperature difference, ΔTsh; 

Fig. 5.13 - Temperature profiles inside the evaporator. 
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 Coefficient of performance, COP; 

 Evaporative heat transfer coefficient, Ki,CO2; 

 Air inlet temperature of the gas cooler, Tin,air,gc; 

 Air outlet temperature of the gas cooler, Tout,air,gc; 

 Air mass flow rate of the gas cooler, qm,air,gc. 

5.5.2.2. Evaporation temperature 

5.5.2.2.1 Air mass flow rate 

The heat flow in the evaporator can be calculated through the heat flow exchanged in the 

gas cooler and the definition of COP as: 

  





 

COP
TTcq gcairingcairoutgcairpmgcairmtot

1
1,,,,,,,,                                        (eq. 5.83) 

The specific heat can be determined as a function of the mean air temperature and pressure 

inside the gas cooler. 

 ),( ,,,, gcairgcairmairpm pTfc                                                                                (eq. 5.84) 

Finally, the air mass flow rate to make available the needed heat is:  

airairpm

tot
airm Tc

q





,
,                                                                                            (eq. 5.85)                 

5.5.2.2.2 Heat transfer coefficient – Air side  

Because the air mass flow rate in the evaporator can be cooled to a temperature below the 

wet bulb temperature, some of the heat rejected by the air could cause water to condense 

out of the air rather than simply lowering the sensible temperature of the air. However, since 

the evaporator coil have been supposed to remain dry during the whole process of 

evaporation, to calculate the heat transfer coefficient, the same correlations used for the gas 

cooler will be used for the evaporator. 

The Reynolds and Prandtl numbers that will be used to calculate the Nusselt number are 

calculated at the mean air temperature inside the evaporator. 
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And the Nusselt number is: 
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Finally, the heat transfer coefficient between air and the outside wall of the tubes Ke,air,i,j,  

according to the classical correlation based on the Nusselt number, is: 
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                                                                                        (eq. 5.90) 

Also the fin efficiency Ω can be calculated in the same way of the gas cooler. 
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                                                                                          (eq. 5.92) 

5.5.2.2.3 Global heat transfer coefficient 

Having calculated the value of the heat transfer coefficient outside the tubes, the fins 

efficiency and knowing the geometry of the heat exchanger and the heat transfer coefficient 

inside the tubes, we can, now, calculate the global heat transfer coefficient referred to the 

inside surface. 
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5.5.2.2.4 Evaporation temperature 

By neglecting the temperature increase in the superheated zone and considering the mean 

temperature difference between the air and CO2 in the evaporator as: 

evairmm TTT  ,                                                                                               (eq. 5.94) 

The evaporation temperature can be determined as: 

iigltp
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airmev SKnn
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                                                                                 (eq. 5.95) 

5.5.2.3. Pressure drop and fan power 

From Pettersen (1998) [17], we know that saturated vapor for conditions closed to the 

running conditions of this work allows pressure drop of almost 100 kPa for 0.1°C of 

temperature drop. Therefore in order to avoid unwelcome and unnecessary complications, 

CO2 pressure drop in the evaporator has been considered negligible. 

The air pressure drop and fan power calculation in the evaporator is carried out in the same 

way as for the gas cooler, with the use of an appropriate heat exchanger resistance constant 

HERC as indicated above:  
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                                                                                         (eq. 5.96) 

Therefore, the inlet air pressure is: 

airambinair ppp ,                                                                                          (eq. 5.97) 

And the evaporator fan power required is: 
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5.6. Comments 

Two factors that influence the CO2 mass flow rate are the density of the fluid during the 

suction and the volumetric efficiency of the compressor. 

An increase of the high pressure HP as a decrease of the evaporator temperature Tev, and 

thus a decrease of the low pressure LP, determines an increase of the compression rate and 

thus a decrease of the volumetric efficiency.  

A decrease of the evaporator temperature Tev, and thus a decrease of the low pressure LP, 

determines an increase of the density of the fluid. 

Therefore, the result of a decrease of the evaporator temperature Tev strongly degrades the 

mass flow rate; an increase in the high pressure HP still degrades the mass flow rate but to a 

lesser extent because only the volumetric efficiency, and not the density of the fluid, is 

affected. 

If we consider two characteristic cycles with different thermodynamic evaporation Tev and 

condensation Tcond temperatures, as shown in Fig. 5.14: 

 

We can see that an increase of Tcond and a decrease of Tev causes an increase of            

Δhcompr = h2-h1 and a decrease of Δhcond = h2-h3, namely a decrease of the COP: 

compr

cond

h
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_

_
                                                              (eq. 5.99) 

 

Fig. 5.14 - Influence of Tev and Tcond on the performance of a heat pump. 
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5.7. Numerical procedure 

To solve the whole mathematical model presented above, a computer code has been written 

in Matlab language. All thermodynamic properties of air and CO2 are calculated in the code 

using Refprop 7.0 [18].  

This program can calculate, according to two of them: pressure, temperature, density, 

enthalpy, entropy, internal energy, specific heat, ratio of specific heats, speed of sound, liquid 

phase and gas phase composition (mass fractions), dynamic viscosity, thermal conductivity, 

quality (vapor fraction) and surface tension. 
 

The code solves the system equations by suitable iterative method and tolerance. Result 

accuracy and resolution velocity depend on tolerance, which can be chosen at the beginning 

of the program.  

The code has been divided in five modules:  

1. Geometry and materials. 

2. Evaporator. 

3. Compressor. 

4. Gas cooler. 

5. Thermostatic expansion valve. 

Each module needs inlet variables to work. They can be put from the outside or can be 

calculated from a previous module. By neglecting pressure drop and heat loss in connecting 

lines, the outlet state of one component becomes the inlet state of the next one. If a variable 

is unknown a priori, an initial guess value will be used.  

1. Geometry and materials 

The inlet variables are: 

 Tube length, lo; 

 Tube inner diameter, di; 

 Tube thickness, e; 

 Fin thickness, b; 
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 Fin pitch, s; 

 Number of tubes, nt; 

 Number of passes, np; 

 Transversal tube spacing, pT; 

 Longitudinal tube spacing , pL; 

 Heat exchanger resistance constant, HERC; 

 Number of slices, n; 

 Fin thermal conductivity, λfin; 

 Tube thermal conductivity, λt. 

The process diagram is: 

 

2. Evaporator 

The inlet variables are: 

 Air inlet temperature, Tin,air; 

 Air temperature drop, ΔTair; 

 Superheating temperature difference, ΔTsh; 

Fig. 5.15 - Process diagram of geometry and material module. 



Modeling of a Transcritical CO2  Heat Pump System for High Temperature Air Heating                                                            57 

 

                                                                                                                                        

 Coefficient of performance, COP (initial guess value); 

 Evaporative heat transfer coefficient, Ki,CO2; 

 Fan efficiency, ηfan. 

The process diagram is: 

        

 

Fig. 5.16 - Process diagram of evaporator module. 



58                                                                                                                                       5. Description of the Simulation Model         

3. Compressor 

The inlet variables are: 

 Total volume, Vtot; 

 Ratio between dead space and swept volume, ε; 

 Number of cylinders, nc; 

 Electrical efficiency, ηel; 

 Isentropic efficiency parameters, C, K; 

 Rotation speed, N (initial guess value); 

 Outlet pressure, HP (initial guess value). 

The process diagram is: 

 

4. Gas Cooler  

The inlet variables are: 

 Air inlet temperature, Tin,air; 

 Air outlet temperature, Tout,air; 

Fig. 5.17 - Process diagram of compressor module. 
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 Air mass flow rate, qm,air; 

 Approach temperature difference between inlet air and outlet CO2, ΔTap; 

 Fan efficiency, ηfan. 

The process diagram is: 

 

Fig. 5.18 - Process diagram of gas cooler module. 
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5. Thermostatic expansion valve 

This module does not required inlet variables. The process diagram is: 

 

 

 

Fig. 5.19 - Process diagram of expansion valve module. 



                                                                                                                                        

6. SIMULATION RESULTS AND DISCUSSION 
 

 

6.1. Transcritical CO2 heat transfer coefficient 

6.1.1. Influence on heat transfer coefficient in the gas cooler 

Several simulations have been done to study the general beavhoir of transcritical CO2 and 

the effects on its heat transfer coefficient of important parameters as the mass flow rate, 

pressure and outside heat transfer coefficient. The correlations selected between those ones 

proposed in chapter 4 are the correlations of Gnielinski (1976), Pitla (2002), Dang (2002) and 

Yoon (2003).   

6.1.1.1. Influence of mass flow rate  

The study has been done for 5 different values of mass flow rate in the range 0.005 ÷ 0.025 

kg/s and for an inlet temperature of 120°C to an outlet temperature of 20°C. CO2 inlet 

pressure, the inner diameter and the thickness of the tube and the outside heat coefficient 

have been maintained at 100 bar, 8 mm, 0.8 mm and 500 W/m2K, respectively, and a 

constant outside air temperature of 10°C has been used.  

Fig. 6.1 shows that, for all correlations, the influence of mass flow rate is significant on the 

heat transfer coefficient and in particular it increases, under identical conditions, with just an 

increase in the mass flow rate, which corresponds to a higher Reynolds number, namely to a 

higher turbulent diffusion. Also the peak value increases as mass flow rate increases. 

In general, for a single mass flow rate, the heat transfer coefficient increases during cooling 

until a maximum is reached. The region of the maximum in heat transfer coefficient is called 

the pseudocritical region and coincides with the region where the specific heat has a 

maximum. In this region, we can understand there is a large variation in the thermophysical 

properties with temperature. When the bulk temperature is high, mass flow rate difference 

has a lesser effect on the difference of heat transfer coefficients than at low bulk temperature 

values. The heat transfer coefficient then drops suddenly as the bulk temperature drops 

below the pseudocritical temperature in the liquid regime. 

For Gnielinski and Yoon, all curves for different mass flow rates have the same form. For 

Pitla and Dang, we can see there are two peaks for low values of mass flow rate. That 

happens because they not only depend on the mean temperature but on the wall 

temperature, as well. For values of mass flow rate lower, it corresponds values of mean and 

wall temperatures more different. That creates two pseudocritical regions, corresponding to 
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their temperatures, quite distant for determining the formation of two peaks. The curves for 

the correlation of Yoon, using two different equations for bulk temperature above and below 

the pseudocritical temperature, are not continuous but they have a discontinuity at the 

pseudocritical temperature.   

 

 

6.1.1.2. Influence of pressure  

The study has been done for 5 different values of pressure in the range 80 ÷ 120 bar and for 

an inlet temperature of 120°C to an outlet temperature of 20°C. CO2 mass flow rate, the inner 

diameter and the thickness of the tube and the outside heat coefficient have been maintained 

at 0.015 kg/s, 8 mm, 0.8 mm and 500 W/m2K, respectively, and a constant outside air 

temperature of 10°C has been used.  

Fig. 6.2 shows that the heat transfer coefficient increases up to the maximum value and then 

decreases during gas cooling process for all cases. The peak in the heat transfer coefficient 

Fig. 6.1 - Heat transfer coefficients versus bulk temperature distribution along the gas 

cooler for different mass flow rates for the correlations of Gnielinski, Pitla, Dang 

and Yoon. 



Modeling of a Transcritical CO2  Heat Pump System for High Temperature Air Heating                                                            63 

 

                                                                                                                                        

shifts to a higher temperature as the pressure increases and it coincides with the shift in the 

pseudocritical region to higher temperatures with an increase of pressure. At higher 

pressures the variation in the heat transfer coefficient with temperature is smaller than at 

pressures near the critical point, as the variation in the thermophysical properties is greatest 

near the critical point and decreases as the pressure is increased from the critical pressure. 

The temperature range of the pseudocritical region increases with an increase in pressure. 

Since specific heat increases drastically near the critical pressure, the peak in heat transfer 

coefficient is higher and more pronounced at pressures closed to the critical pressure.  

For Pitla and Dang, we can see there are two peaks for low values of pressure, like for the 

case of mass flow rate. For values of pressure closer to the critical pressure, the values of 

mean and wall temperatures affect more the thermophysical property variations and that 

creates two pseudocritical regions more pronounced. Like for the case of mass flow rate, for 

Yoon there is a discontinuity at the pseudocritical temperature. 

 

 

Fig. 6.2 - Heat transfer coefficients versus bulk temperature distribution along the gas 

cooler for different inlet pressures for the correlations of Gnielinski, Pitla, Dang 

and Yoon. 
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6.1.1.3. Influence of outside heat transfer coefficient 

The study has been done for 5 different values of outside heat transfer coefficient in the 

range 0 ÷ 1,000 W/m2K and for an inlet temperature of 120°C to an outlet temperature of 

20°C. CO2 mass flow rate and pressure, the inner diameter and the thickness of the tube 

have been maintained at 0.015 kg/s, 100 bar, 8 mm, 0.8 mm, respectively, and a constant 

outside air temperature of 10°C has been used. The study has been done only for the 

correlations of Pitla and Dang that are the only correlations affected by the outside heat 

transfer coefficient. For 0 W/m2K, the correlations are not affected anymore by the wall 

temperature and they are reduced to the correlation of Gnielinski. 

As we have already seen above, the correlations of Pitla and Dang depend on the Nusselt 

numbers at the mean and wall temperature and on the ratio between thermal conductivities 

at wall and mean temperatures. Fig. 6.3 shows that when the outside heat transfer coefficient 

is low, the peak of the curve is higher than that of 0 W/m2K. That happens because in this 

conditions the Nusselt numbers at the mean and wall temperature are closed but thermal 

conductivity at wall temperature is higher than thermal conductivity at mean temperature. 

The peak in the heat transfer coefficient is shifted to a higher temperature as the outside heat 

transfer coefficient increases. That happens because now the Nusselt numbers at the mean 

and wall temperatures are not closed anymore and that creates two pseudocritical regions, 

corresponding to their temperatures, quite distant for determining the formation of two peaks. 

 

Fig. 6.3 - Heat transfer coefficients versus bulk temperature distribution along the gas 

cooler for different outside heat transfer coefficients for the correlations of 

Gnielinski, Pitla, Dang and Yoon. 
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6.1.2. Comparison between the correlations of Gnielinski, Pitla, Dang and 

Yoon. 

In this section, the 4 proposed correlations have been compared directly for different mass 

flow rates, pressures and outside heat transfer coefficients. 

For all cases, as we can see in  Fig. 6.4, Fig. 6.5 and Fig. 6.6, the value of heat transfer 

coefficient in the pseudocritical region offered by the correlation of Yoon is always higher 

than the other ones. The values of heat transfer coefficient for Gnielinski, Pitla and Dang are 

almost the same until the pseudocritical temperature at the pressure of the simulation. After 

that temperature, the value of heat transfer coefficient for Gnielinski decreases rapidly, for 

Pitla decreases very slowly and for Dang keeps increasing until a maximum, which does not 

correspond to the pseudocritical temperature, and then decreases. Out of the pseudocritical 

region, when the mean temperature is higher than the pseudocritical temperature, the value 

of heat transfer coefficient for Pitla is the highest. 

Using in this section values of outside heat transfer coefficient higher than those of the 

paragraph 6.1.1, there is now a clear differentiation between the results of the correlations of 

Pitla and Dang. 

6.1.2.1. Comparison for different mass flow rates 

The study has been done for values of mass flow rate in the range 0.005 ÷ 0.025 kg/s and for 

an inlet temperature of 120°C to an outlet temperature of 20°C. CO2 inlet pressure, the inner 

diameter and the thickness of the tube and the outside heat coefficient have been maintained 

at 100 bar, 8 mm, 0.8 mm and 5,000 W/m2K, respectively, and a constant outside air 

temperature of 20°C has been used.  

Fig. 6.4 shows that, even if the absolute values of the heat transfer coefficients change a lot 

for different mass flow rates, the ratio between the values of heat transfer coefficient of two 

different correlations is very similar. Because of that, from the point of view of the mass flow 

rate, the behavior of all correlations is the same.  
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6.1.2.2. Comparison for different pressures 

The study has been done for 4 different values of pressure in the range 80 ÷ 110 bar and for 

an inlet temperature of 120°C to an outlet temperature of 20°C. CO2 mass flow rate, the inner 

diameter and the thickness of the tube and the outside heat coefficient have been maintained 

at 0.015 kg/s, 8 mm, 0.8 mm and 5,000 W/m2K, respectively, and a constant outside air 

temperature of 20°C has been used.  

Fig. 6.5 shows that the ratio between the values of heat transfer coefficient of two different 

correlations changes a lot and that means that the behavior of the correlations is very 

affected by the pressure. That happens because in the pseudocritical temperature, which 

depends on the pressure, there is a large variation of thermophysical properties, which 

affects not only the absolute value of heat transfer coefficient but also the form of its curve.  

Fig. 6.4 - Heat transfer coefficients versus bulk temperature distribution along the gas 

cooler for different mass flow rates for the correlations of Gnielinski, Pitla, Dang 

and Yoon. 
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6.1.2.3. Comparison for different outside heat transfer coefficients 

The study has been done for values of outside heat transfer coefficient in the range 500 ÷ 

10,000 W/m2K and for an inlet temperature of 120°C to an outlet temperature of 20°C. CO2 

mass flow rate and pressure, the inner diameter and the thickness of the tube have been 

maintained at 0.015 kg/s, 100 bar, 8 mm, 0.8 mm, respectively, and a constant outside air 

temperature of 10°C has been used. 

Fig. 6.6 shows that, like for the case of pressure, not only the absolute value of heat transfer 

coefficient but also the form of its curve is affected by the outside heat transfer coefficient. 

Fig. 6.5 - Heat transfer coefficients versus bulk temperature distribution along the gas cooler 

for different inlet pressures for the correlations of Gnielinski, Pitla, Dang and 

Yoon. 
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6.2. Modeling validation  

As we have already seen in paragraph 5.3, the correlation of Pitla has been selected to be 

used in the gas cooler modeling. Without experimental data, it is not possible to evaluate the 

most accurate correlation; therefore, some considerations have been made to choose: 

1. The correlation of Gnielinski is not suitable for large tube diameters, but for micro-

channel, due to large variation of fluid properties in the radial direction. 

2. The correlation of Pitla is the most applicant in literature. 

3. Among the experimental sections used by Pitla, Dang and Yoon in their tests to study 

the heat transfer coefficient, the geometric characteristics and operating data of the 

Fig. 6.6 - Heat transfer coefficients versus bulk temperature distribution along the gas 

cooler for different outside heat transfer coefficients for the correlations of 

Gnielinski, Pitla, Dang and Yoon. 
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experimental section used by Pitla are the closest to those ones have been 

considered in this work. 

The validation of the model has been accomplished comparing the simulation data with 

experimental data found in literature for heat pump systems working at similar conditions. By 

this way, the real accuracy of the model cannot be evaluated but the results obtained are 

quite good and closed to those ones expected to be an interesting starting point for further 

works.  

 

6.3. Heat pump system simulation results and discussion 

The influence on the system performance of outlet air temperature Tout,air and air mass flow 

rate qm,air, which represent the outlet useful effect, and ambient air temperature Tamb, which 

represents the external condition, has been evaluated on the basis of maximum system COP 

at optimum approach temperature difference between inlet air and outlet CO2 ΔTap. As 

already seen in the sections above, the high specific heat at near-critical pressure is 

favorable for heat transfer, but it gives the transcritical CO2 cycle a large throttling loss. The 

mean difference temperature between refrigerant and air in the gas cooler ΔTm, on which the 

system COP depends, depends on ΔTap and therefore it is a fundamental parameter for 

optimizing the system COP.  

6.3.1. Inlet variable values 

Appropriate values for the geometric parameters of the heat exchangers have been taken 

from literature. The materials of the tubes and fins are copper and aluminum, respectively. 

The value of the evaporative heat transfer coefficient Ki,CO2 has been taken from Sawant et al. 

(2003) [19]. All these values are constant for all simulations and they are reported below: 

Geometry of the heat exchangers (same values for evaporator and gas cooler): 

 Tube inner diameter, di = 0.008 [m]; 

 Tube thickness, e = 0.0008 [m]; 

 Fin thickness, b = 0.0003 [m]; 

 Fin pitch, s = 0.002 [m]; 

 Transversal tube spacing, pT = 0.0254 [m]; 

 Longitudinal tube spacing , pL = 0.022 [m]; 

 Fin thermal conductivity, λfin = 210 [W/mK]; 
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 Tube thermal conductivity, λt = 380 [W/mK]; 

 Fan efficiency, ηfan = 0.7 [-]. 

Evaporator: 

 Superheating temperature difference, ΔTsh = 4 [°C]; 

 Temperature difference between inlet and outlet air, ΔTair = 4 [°C]; 

 Evaporative heat transfer coefficient, Ki,CO2 = 10,000 [W/m2K]; 

 Tube length, lo = 0.635 [m]; 

 Number of tubes, nt = 25 [-]; 

 Number of passes, np = 4 [-]; 

 Heat exchanger resistance constant, HERC = 140 [m-4]. 

Gas Cooler:  

 Air inlet temperature, Tin,air = 20 [°C]; 

 Tube length, lo = 0.381 [m]; 

 Number of tubes, nt = 15 [-]; 

 Number of passes, np = 20 [-]; 

 Heat exchanger resistance constant, HERC = 250 [m-4]; 

 Number of slices, n = 5 [-]; 

Open-drive compressor: 

 Total volume, Vtot = 34.02·10-6 [m3]; 

 Ratio between dead space and swept volume, ε = 0.06 [-]; 

 Number of cylinders, nc = 2 [-]; 

 Electrical efficiency, ηel = 0.9 [-]; 

 Isentropic efficiency parameters, C = 1.003 [-], K = 0.121 [-]; 
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6.3.2. System performance 

Fig. 6.7 gives the measured system COP of the heat pump as a function of the outlet air 

temperature Tout,air, which varies from 40 to 70 °C, for different ambient temperatures Tamb 

and for a value of heated air mass flow rate of 0.25 kg/s. As expected COP increases as 

ambient temperature increases and it decreases as outlet air temperature increases. The 

cycle has been evaluated on the basis of maximum system COP at optimum approach 

temperature difference between inlet air and outlet CO2 ΔTap. 

 

To understand better what happens changing the operating parameters Tout,air and Tamb is 

useful to see Table 1, where all main parameters evaluated for different cycles have been 

reported. As we can see, the most influential parameter on the system COP is the 

compression ratio β, which depends on the outlet and inlet pressures of the compressor; in 

particular a higher β leads to a lower value of COP. Keeping the ambient temperature 

constant, if the outlet air temperature increases, the outlet pressure has to increase and, 

being the inlet pressure almost constant, β increases. Keeping the outlet air temperature 

constant, if the ambient temperature increases, the outlet pressure does not change a lot, 

meantime the inlet pressure increases leading to a lower value of β. This behavior agrees 

with the classic theoretical consideration of a heat pump system, which says that, if 

compression ratio increases, the compressor power consumption increases more than 

the outlet useful effect. In Table 1, it is also possible to see how the other parameters are 

influenced. 

 

Fig. 6.7 - Influence of the outlet air temperature on the COP measured for different ambient 

temperatures for a value of air mass flow rate of 0.25 kg/s. 
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Tamb = 0°C              

Tout,air 

[°C] 

COP [-] Pc 

[kW] 

Qgc 

[kW] 

N 

[rpm] 

Tev 

[°C] 

pin,c 

[bar] 

pout,c 

[bar] 

β [-] Tout,c 

[°C] 

∆Tap 

[°C] 

∆Tm 

[°C] 

∆pgc 

[kPa] 

40 3.78 1.2776 4.8112 450 -4.80 30.6 80.5 2.63 83.85 2 9.36 0.029 

50 3.20 2.2642 7.2438 655 -5.36 30.2 91.2 3.02 100.25 3 12.16 0.051 

60 2.85 3.4139 9.7371 900 -5.71 29.9 96.4 3.23 109.2 7 13.98 0.092 

70 2.51 4.9387 12.389 1110 -6.03 29.6 105.2 3.55 125.24 9 16.62 0.127 

Tamb = 10°C             

Tout,air 

[°C] 

COP 

[-] 

Pc 

[kW] 

Qgc 

[kW] 

N 

[rpm] 

Tev 

[°C] 

pin,c 

[bar] 

pout,c 

[bar] 

β [-] Tout,c 

[°C] 

∆Tap 

[°C] 

∆Tm 

[°C] 

∆pgc 

[kPa] 

40 5.33 0.931 4.962 382 5.09 39.8 80.2 2.02 67.53 3 8.02 0.038 

50 4.33 1.700 7.363 563 4.50 39.2 90.9 2.32 80.24 5 10.36 0.069 

60 3.64 2.729 9.920 757 4.10 38.8 100.5 2.59 92.34 8 12.56 0.111 

70 3.12 3.978 12.405 944 3.75 38.4 110.7 2.88 104.29 11 14.61 0.159 

Tamb = 20°C             

Tout,air 

[°C] 

COP 

[-] 

Pc [kW] Qgc 

[kW] 

N 

[rpm] 

Tev 

[°C] 

pin,c 

[bar] 

pout,c 

[bar] 

β [-] Tout,c 

[°C] 

∆Tap 

[°C] 

∆Tm 

[°C] 

∆pgc 

[kPa] 

40 6.96 0.7234 5.032 292 15.12 51.02 90.4 1.77 65.84 1 8.34 0.033 

50 6.14 1.1869 7.289 470 14.53 50.3 92.6 1.84 66.68 7 8.86 0.087 

60 4.68 2.1765 10.187 649 14.01 49.7 103.7 2.09 80.56 10 11.41 0.143 

70 3.88 3.219 12.496 784 13.61 49.2 117.6 2.39 92.45 12 13.42 0.187 

Keeping the ambient temperature constant, if the outlet air temperature increases: the 

compressor speed N, the optimum approach temperature difference between inlet air and 

outlet CO2 ΔTap and the pressure drop ∆pgc increase and the evaporation temperature Tev 

decreases. The compressor speed and the pressure drop are proportional to the CO2 mass 

flow rate; the CO2 mass flow rate has to increase because the heat flow exchanged in the 

gas cooler increases. The evaporation temperature decreases because the heat flow 

Table 1 - Main heat pump system parameters evaluated for different outlet and ambient air 

temperatures for a value of air mass flow rate of 0.25 kg/s. 
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exchanged in the evaporator increases and that leads to a value of mean temperature 

difference between the air and CO2 in the evaporator higher, thus, for a constant value of 

ambient temperature, to a lower value of evaporation temperature. 

As the case above, even if with different results, the same considerations can be made for 

the cases of air mass flow rate values of 0.5 and 0.75 Kg/s. For each case, the measured 

system COPs as a function of the outlet air temperature for different ambient temperatures 

are given in Fig. 6.8 and Fig. 6.9. All other main parameters are reported, respectively, in 

Table 2 and Table 3. 

 

 

Fig. 6.8 - Influence of the outlet air temperature on the COP measured for different ambient 

temperatures for a value of air mass flow rate of 0.50 kg/s. 

Fig. 6.9 - Influence of the outlet air temperature on the COP measured for different ambient 

temperatures for a value of air mass flow rate of 0.75 kg/s. 
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Tamb = 0°C             

Tout,air 

[°C] 

COP 

[-] 

Pc [kW] Qgc 

[kW] 

N 

[rpm] 

Tev 

[°C] 

pin,c 

[bar] 

pout,c 

[bar] 

β [-] Tout,c 

[°C] 

∆Tap 

[°C] 

∆Tm 

[°C] 

∆pgc 

[kPa] 

40 3.58 2.712 9.690 961 -6.10 29.6 79.18 2.68 84.89 4 10.48 0.109 

50 2.99 5.011 14.969 1469 -6.58 29.2 87.9 3.01 100.91 7 13.91 0.217 

60 2.59 7.600 19.702 1889 -7.18 28.7 98.1 3.42 117.29 9 17.06 0.315 

70 2.29 10.816 24.759 2289 -7.60 28.3 107.74 3.80 135.27 11 20.43 0.4419 

Tamb = 10°C             

Tout,air 

[°C] 

COP 

[-] 

Pc 

[kW] 

Qgc 

[kW] 

N 

[rpm] 

Tev 

[°C] 

pin,c 

[bar] 

pout,c 

[bar] 

β [-] Tout,c 

[°C] 

∆Tap 

[°C] 

∆Tm 

[°C] 

∆pgc 

[kPa] 

40 4.95 1.976 9.788 783 3.90 38.6 81.4 2.11 69.98 4 9.26 0.125 

50 3.93 3.794 14.902 1196 3.05 37.8 91.9 2.43 84.45 7 12.39 0.242 

60 3.29 6.065 19.927 1588 2.59 37.3 102.7 2.75 98.11 10 15.26 0.378 

70 2.82 8.867 24.991 1928 2.11 36.9 115.0 3.12 113.86 12 18.38 0.497 

Tamb = 20°C             

Tout,air 

[°C] 

COP 

[-] 

Pc 

[kW] 

Qgc 

[kW] 

N 

[rpm] 

Tev 

[°C] 

pin,c 

[bar] 

pout,c 

[bar] 

β [-] Tout,c 

[°C] 

∆Tap 

[°C] 

∆Tm 

[°C] 

∆pgc 

[kPa] 

40 6.83 1.444 9.860 636 13.93 49.6 83.6 1.69 59.28 4 8.29 0.142 

50 5.32 2.810 14.93 972 12.96 48.4 95.9 1.98 73.24 7 11.25 0.272 

60 4.15 4.813 19.953 1206 12.38 47.7 114.6 2.40 91.75 7 14.93 0.347 

70 3.48 7.208 25.079 1602 11.94 47.2 122.4 2.59 99.87 13 16.81 0.585 

 

 

 

 

Table 2 - Main heat pump system parameters evaluated for different outlet and ambient air 

temperatures for a value of air mass flow rate of 0.50 kg/s. 
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Tamb = 0°C             

Tout,air 

[°C] 

COP 

[-] 

Pc 

[kW] 

Qgc 

[kW] 

N 

[rpm] 

Tev 

[°C] 

pin,c 

[bar] 

pout,c 

[bar] 

β [-] Tout,c 

[°C] 

∆Tap 

[°C] 

∆Tm 

[°C] 

∆pgc 

[kPa] 

40 3.38 4.296 14.604 1485 -6.83 29.0 79.8 2.76 87.61 5 11.70 0.228 

50 2.83 7.872 22.243 2240 -7.60 28.3 89.3 3.15 105.1 8 15.64 0.434 

60 2.41 12.503 30.184 2989 -8.39 27.7 98.1 3.54 123.79 11 19.61 0.675 

70 2.14 17.655 37.698 3577 -8.90 27.3 108.1 3.95 143.74 13 23.59 0.875 

Tamb = 10°C             

Tout,air 

[°C] 

COP  

[-] 

Pc 

[kW] 

Qgc 

[kW] 

N 

[rpm] 

Tev 

[°C] 

pin,c 

[bar] 

pout,c 

[bar] 

β [-] Tout,c 

[°C] 

∆Tap 

[°C] 

∆Tm 

[°C] 

∆pgc 

[kPa] 

40 4.63 3.190 14.764 1187 3.07 37.8 83.4 2.21 74.00 4 10.66 0.240 

50 3.66 6.116 22.376 1847 1.96 36.7 93.4 2.54 88.33 8 14.03 0.490 

60 3.04 9.925 30.176 2399 1.31 36.1 106.3 2.95 106.12 10 17.96 0.708 

70 2.61 14.453 37.790 3096 0.64 35.4 114.2 3.22 117.62 15 20.74 1.099 

Tamb = 20°C             

Tout,air 

[°C] 

COP 

[-] 

Pc 

[kW] 

Qgc 

[kW] 

N 

[rpm] 

Tev 

[°C] 

pin,c 

[bar] 

pout,c 

[bar] 

β [-] Tout,c 

[°C] 

∆Tap 

[°C] 

∆Tm 

[°C] 

∆pgc 

[kPa] 

40 6.76 2.184 14.753 959 13.10 48.6 85.8 1.77 62.47 4 9.48 0.270 

50 4.91 4.571 22.438 1502 11.91 47.2 97.5 2.07 76.38 8 12.75 0.552 

60 3.85 7.761 29.905 1902 10.95 46.1 114.9 2.49 94.44 9 16.71 0.732 

70 3.20 11.768 37.639 2525 10.36 45.4 123.6 2.72 104.07 15 19.07 1.213 

In Fig. 6.10, the influence of the air mass flow rate on the COP is shown for an ambient 

temperature of 10 °C and an outlet air temperature of 50 °C. As we can see, the influence is 

not very large but the system COP decreases a few as the air mass flow rate increases. The 

main reason of that behavior is the decrease of the evaporation temperature and, thus of the 

inlet pressure. The evaporation temperature decreases because if the air mass flow rate 

increases, also the heat flow exchanged in the evaporator increases and, as already seen 

above, that leads to a lower value of evaporation temperature.   

Table 3 - Main heat pump system parameters evaluated for different outlet and ambient air 

temperatures for a value of air mass flow rate of 0.75 kg/s. 
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In conclusion, we have seen that the system COP varies from 2.14 at the least favorable 

conditions to 6.96 at the most favorable ones. They are very high and they reflect a high 

system efficiency which results from a good adaptation of the process to the application and 

a high heat transfer characteristics for CO2 at the operating conditions.  

 

 

 

 

 

 

 

 

 

Fig. 6.10 - Influence of the air mass flow rate on the COP. 



                                                                                                                                        

7. ECONOMICAL ANALYSIS 
 

7.1. Introduction 

For any energy savings project, the basic goal in estimating savings in operating costs is to 

establish the difference in costs between the heat pump system case and an alternative 

case. For passive heat recovery projects, establishing this cost difference is relatively simple, 

because the value of steam or fuel saved is readily calculated. In the case of heat pumps, 

the energy savings is equal to the value of steam or fuel or electrical energy saved, minus 

the cost of operating the heat pump. The quantity of energy saved and the operating cost of 

the heat pump depend on the application and the heat pump characteristics. The section 

below illustrates the methodology used to estimate the savings that a mechanical heat pump 

system generates. 

 

7.2. Costs and savings 

To estimate costs and savings for a mechanical heat pump, we need to know how much 

electrical power is required by the system to work. The specific electrical power consumption 

is taken as the sum of the specific energy input to the compressor Pc and the specific energy 

consumption of the fan Pfan, while the energy consumption of auxiliary equipment and 

controls is neglected. Thus the energy consumption of the heat pump system SEC is the 

sum of compressor and fan energy consumption. 

fanc PPSEC                                                                                                    (eq. 7.1) 

In chapter 1, we have already seen how to estimate compressor and fan power, so we can 

now determine the relationship between inlet work SEC and outlet heat Qgc using a new 

coefficient of performance COP’, which considers the total electrical power consumption. 

 
SEC

Q
COP gc'                                                                                                      (eq. 7.2) 

Therefore, to estimate the cost of the useful heat CHP we have to divide the cost of the 

electrical energy Cel for the new coefficient of performance COP’. 

'COP

C
C el

HP                                                                                                         (eq. 7.3) 
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As we can see, the higher is the value of the COP’ the lower is the value of the output heat 

produced by the heat pump. 

 The savings will be equal to the cost of energy saved by the alternative case Cal minus the 

cost of operating the heat pump. 

HP
al

al C
C

Sav 


                                                                                                 (eq. 7.4) 

Where:  

 ηal: efficiency of the alternative case production process.   

The method described above helps determine if there are sufficient savings and incentive to 

pursue a heat pump application. Although simplified, this method gives a reasonable idea of 

the energy cost economics of installing a mechanical heat pump.  

For a more detailed evaluation, also non-energy cost benefits have to be considered, as: 

o Product quality: for example, in lumber drying applications, the gentler heating 

resulting from use of heat pumps results in better quality dried lumber and 

higher yields. 

o Offset capital costs: for example, in evaporation applications, using a heat 

pump means that boiler steam load and cooling water duty are avoided. This 

leads to reduced capital for boilers and/or cooling towers, together with lower 

NOx emissions. 

In addition, other costs may exist: 

o Operating costs for auxiliary equipment and controls associated with the heat 

pumps. 

o Maintenance costs for the heat pump equipment. 

 

7.3. Results 

In the cost and saving analysis, two study cases have been considered as alternative case to 

the heat pump system: 

a) Natural gas. 

b) Electrical energy. 
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Case a) 

We have considered the useful heat produced with natural gas by a gas firing and we have 

assumed: 

 Cost of natural gas: Cng = 0.02 [€/kWh]; 

 Efficiency of the gas firing: ηng = 0.85 [-]. 

Case b) 

We have considered the useful heat produced with electrical energy by a kiln working in a 

direct resistance heating mode and we have assumed: 

 Cost of electrical energy: Cel = 0.06 [€/kWh]; 

 Efficiency of the kiln: ηel = 1 [-]. 

 

We have already seen that key parameters influencing the COP that the heat pump 

achieves, thus the cost of the outlet heat, are the outlet and ambient air temperatures. Fig. 

7.1, Fig. 7.2 and Fig. 7.3 illustrate how the cost of outlet heat delivered by a mechanical heat 

pump depends on those operating parameters, for values of air mass flow rate of 0.25, 0.50 

and 0.75 kg/s, respectively. In Table 4, Table 5 and Table 6 , also the other main parameters 

calculated are reported.  

Considering in the analysis of the COP’ also the consumption power of the fans, the pressure 

drop on the air side becomes very important, especially in the evaporator where a large air 

mass flow rate is necessary to dispose of heat with a small temperature drop. As expected, 

pressure drop increases with the air mass flow rate of gas cooler but also with the ambient 

temperature, therefore the COP’ has a different behavior from COP. This aspect is very 

important and it tell us that when air mass flow rates and outlet temperatures are large 

enough to lead to a fan consumption power higher than the compressor one, the lower is the 

ambient temperature the better is the overall performance of the heat pump. 
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The cost of the outlet useful heat is inversely proportional to the COP’, thus the same 

considerations made above about the COP’ can be applied for the cost, as we can see in the 

figures and tables. Starting from a value of outlet air temperature of about 50°C and air mass 

flow rate of 0.50 kg/s, the lower is the ambient temperature the lower is the cost of the outlet 

heat. 

 

 

 

Fig. 7.1 - Influence of the outlet air temperature on the cost of the outlet heat measured for 

different ambient temperatures for a value of air mass flow rate of 0.25 kg/s. 

Fig. 7.2 - Influence of the outlet air temperature on the cost of the outlet heat measured for 

different ambient temperatures for a value of air mass flow rate of 0.50 kg/s. 
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The savings that the heat pump system can achieve depend on the cost and efficiency of the 

alternative case production process. For the 2 alternative cases that have been considered, 

the values of the savings are very different because of the different costs that have been 

assumed for the production processes. If for the case of electrical kiln, most of the savings 

are positive and quite high, up to 4.93 €/kWh, vice versa for the case of gas firing, most of 

the savings are negative and when positive do not offer values very convenient.  

In conclusion, this type of heat pump system, as expected, has the potential to be a very 

good and convenient alternative to the production of hot air by electrical energy but it needs a 

further optimizing of the most critical points to be an important alternative to the production of 

hot air by gas firing.         

 

 

 

 

 

 

Fig. 7.3 - Influence of the outlet air temperature on the cost of the outlet heat measured for 

different ambient temperatures for a value of air mass flow rate of 0.75 kg/s. 
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Tamb =  0°C           

Tout,air 

[°C] 

COP’  [-] Qgc 

[kW] 

Pf [kW] Pc [kW] ∆pair,gc 

[kPa] 

∆pair,ev 

[kPa] 

qm,air,ev 

[kg/s] 

CHP 

[c€/kWh] 

Savng 

[c€/kWh] 

Savel 

[c€/kWh] 

40 3.46 4.811 0.103 1.277 0.013 0.097 0.94 1.73 0.62 4.27 

50 2.90 7.243 0.240 2.264 0.013 0.170 1.25 2.07 0.28 3.93 

60 2.43 9.737 0.562 3.413 0.013 0.310 1.67 2.47 -0.11 3.53 

70 2.16 12.38 0.799 4.938 0.013 0.391 1.88 2.78 -0.42 3.22 

Tamb =  10°C           

Tout,air 

[°C] 

COP’ [-] Qgc 

[kW] 

Pf [kW] Pc [kW] ∆pair,gc 

[kPa] 

∆pair,ev 

[kPa] 

qm,air,ev 

[kg/s] 

CHP 

[c€/kWh] 

Savng 

[c€/kWh] 

Savel 

[c€/kWh] 

40 4.66 4.962 0.134 0.931 0.013 0.110 1.00 1.29 1.06 4.71 

50 3.58 7.363 0.365 1.700 0.013 0.230 1.41 1.68 0.68 4.32 

60 2.86 9.920 0.741 2.729 0.013 0.362 1.79 2.09 0.26 3.91 

70 2.42 12.40 1.173 3.978 0.013 0.500 2.09 2.48 -0.13 3.52 

 Tamb =  20°C           

Tout,air 

[°C] 

COP’ [-] Qgc 

[kW] 

Pf [kW] Pc [kW] ∆pair,gc 

[kPa] 

∆pair,ev 

[kPa] 

qm,air,ev 

[kg/s] 

CHP 

[c€/kWh] 

Savng 

[c€/kWh] 

Savel 

[c€/kWh] 

40 5.59 5.032 0.175 0.723 0.013 0.136 1.07 1.07 1.28 4.93 

50 4.17 7.289 0.534 1.186 0.013 0.289 1.56 1.44 0.91 4.56 

60 3.17 10.180 1.023 2.176 0.013 0.447 1.95 1.89 0.46 4.11 

70 2.51 12.490 1.782 3.219 0.013 0.648 2.35 2.40 -0.04 3.60 

 

 

 

Table 4 - Main heat pump system parameters evaluated for different outlet and ambient air 

temperatures for a value of air mass flow rate of 0.25 kg/s. 
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Tamb = 0°C           

Tout,air 

[°C] 

COP’  

[-] 

Qgc 

[kW] 

Pf [kW] Pc [kW] ∆pair,gc 

[kPa] 

∆pair,ev 

[kPa] 

qm,air,ev 

[kg/s] 

CHP 

[c€/kWh] 

Savng 

[c€/kWh] 

Savel 

[c€/kWh] 

40 2.83 9.690 0.717 2.712 0.053 0.351 1.79 2.12 0.23 3.88 

50 2.17 14.960 1.902 5.011 0.053 0.686 2.50 2.77 -0.42 3.23 

60 1.82 19.700 3.247 7.600 0.053 0.986 3.00 3.29 -0.94 2.71 

70 1.45 24.750 6.351 10.81 0.053 1.549 3.78 4.15 -1.80 1.85 

Tamb = 10°C           

Tout,air 

[°C] 

COP’  

[-] 

Qgc 

[kW] 

Pf [kW] Pc [kW] ∆pair,gc 

[kPa] 

∆pair,ev 

[kPa] 

qm,air,ev 

[kg/s] 

CHP 

[c€/kWh] 

Savng 

[c€/kWh] 

Savel 

[c€/kWh] 

40 3.22 9.788 1.065 1.976 0.053 0.456 2.00 1.86 0.49 4.14 

50 2.25 14.902 2.882 3.794 0.053 0.898 2.81 2.67 -0.32 3.33 

60 1.69 19.927 5.809 6.065 0.053 1.441 3.58 3.56 -1.21 2.44 

70 1.39 24.991 9.121 8.867 0.053 1.952 4.17 4.32 -1.96 1.68 

Tamb = 20°C           

Tout,air 

[°C] 

COP’  

[-] 

Qgc 

[kW] 

Pf [kW] Pc [kW] ∆pair,gc 

[kPa] 

∆pair,ev 

[kPa] 

qm,air,ev 

[kg/s] 

CHP 

[c€/kWh] 

Savng 

[c€/kWh] 

Savel 

[c€/kWh] 

40 3.63 9.860 1.391 1.338 0.053 0.541 2.14 1.65 0.70 4.35 

50 2.21 14.930 3.981 2.810 0.053 1.104 3.07 2.72 -0.36 3.28 

60 1.67 19.953 7.171 4.813 0.053 1.641 3.75 3.59 -1.24 2.41 

70 1.31 25.079 11.927 7.208 0.053 2.311 4.47 4.56 -2.21 1.44 

 

 

 

 

Table 5 - Main heat pump system parameters evaluated for different outlet and ambient air 

temperatures for a value of air mass flow rate of 0.50 kg/s. 
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Tamb = 0°C           

Tout,air 

[°C] 

COP’ 

[-] 

Qgc [kW] Pf [kW] Pc [kW] ∆pair,gc 

[kPa] 

∆pair,ev 

[kPa] 

qm,air,ev 

[kg/s] 

CHP 

[€/kWh] 

Savng 

[€/kWh] 

Savel 

[€/kWh] 

40 2.19 14.604 2.402 4.296 0.120 0.787 2.68 2.74 -0.38 3.26 

50 1.58 22.243 6.316 7.872 0.120 1.531 3.75 3.81 -1.45 2.19 

60 1.30 30.184 10.704 12.503 0.120 2.191 4.51 4.62 -2.27 1.38 

70 1.03 37.698 19.031 17.655 0.120 3.236 5.50 5.84 -3.49 0.16 

Tamb = 10°C           

Tout,air 

[°C] 

COP’ 

[-] 

Qgc [kW] Pf [kW] Pc [kW] ∆pair,gc 

[kPa] 

∆pair,ev 

[kPa] 

qm,air,ev 

[kg/s] 

CHP 

[€/kWh] 

Savng 

[€/kWh] 

Savel 

[€/kWh] 

40 2.31 14.764 3.279 3.190 0.120 0.965 2.92 2.60 -0.25 3.40 

50 1.40 22.376 9.878 6.116 0.120 2.049 4.28 4.28 -1.92 1.72 

60 1.18 30.176 15.545 9.925 0.120 2.786 5.01 5.09 -2.73 0.91 

70 0.89 37.790 28.152 14.453 0.120 4.167 6.16 6.77 -4.42 -0.77 

Tamb = 20°C           

Tout,air 

[°C] 

COP’ 

[-] 

Qgc [kW] Pf [kW] Pc [kW] ∆pair,gc 

[kPa] 

∆pair,ev 

[kPa] 

qm,air,ev 

[kg/s] 

CHP 

[€/kWh] 

Savng 

[€/kWh] 

Savel 

[€/kWh] 

40 2.16 14.753 4.635 2.184 0.120 1.210 3.22 2.78 -0.42 3.22 

50 1.33 22.438 12.264 4.571 0.120 2.345 4.50 4.50 -2.14 1.50 

60 0.96 29905 23.305 7.761 0.120 3.623 5.63 6.24 -3.89 -0.24 

70 0.75 37.639 38.489 11.768 0.120 5.092 6.71 7.99 -5.64 -1.99 

 

 

 

Table 6 - Main heat pump system parameters evaluated for different outlet and ambient air 

temperatures for a value of air mass flow rate of 0.75 kg/s. 



                                                                                                                                        

8. ENVIRONMENTAL IMPACT 
 

The object of this project is a computer code, so it does not have a direct environmental 

impact such as, for example, exhaust gases of a vehicle or residual substances derived from 

an industrial process.  

However a computer code includes a positive effect on the environment, but in an indirect 

way. Its use represents a valid alternative to the experimental tests in many of the early 

stages that mark the development of a new machine. It is possible to limit the number of 

experimental tests to the minimum needed to validate the numerical simulation model. 

Moreover simulations allow optimize many aspects before moving to the construction of the 

first prototypes.  

The final result is saving materials, energy and many hours of work requiring the preparation 

and carrying out the tests. 
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9. BUDGET  
 

The project, from the point of view of the development of the computer code, has been done 

over four months. This time can be divided into the following parts:  

 Study of the problem: during this phase the functioning of the heat pump and its 

components (gas cooler, compressor, evaporator and expansion valve) has been 

studied, analyzing especially the methodology and the correlations that could have 

been used to model the whole system. 

 Resolution of the problem: this is the actual time that has been needed to think and 

implement the computer code.  

 Simulation: this is the time necessary to run the program to obtain the results to 

evaluate the proper functioning of the simulation model and the results of the study 

cases. It takes many hours of simulations, depending on various factors, including 

the type of problem and computers that are used.  

Fig. 9.1 shows the rate of time spent for each phase of the work.  

 

 

 

The evaluation of the cost of the project has been reported in Table 7, where the most 

important factors that make up the cost are summarized. 

Fig. 9.1 - Rate of time. 
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 DESCRIPTION     TIME 

[hours]         

         

PRICE 

[€/h]           

       

COST [€] 

ENGINEERING Engineer 640   30 19,200.00 

COMPUTER  

EQUIPMENT     

         

Use and amortization of computers  

(study,  implementation and simulation) 

640 1.5              

                

960.00 

MATERIAL Material consumed            

                                                                

                                   

  40.00 

TOTAL    20,200.00 

 

Table 7 - Budget. 



                                                                                                                                        

CONCLUSIONS 
 

The purpose of this work was to study the possibility to use transcritical CO2 heat pump 

system for high temperature air heating. The work has been essentially divided in three 

parts. 

In the first part, the behavior of transcritical CO2 from the point of view of its thermal and 

mechanical properties through different correlations present in literature has been treated. 

The 4 correlations chosen have been the correlations of Gnielinski (1976), Pitla (2002), Dang 

(2002) and Yoon (2003). They offer quite different values of heat transfer coefficient, 

especially for Yoon and depending on the operational conditions of the gas cooler; however, 

a general behavior in common for all correlations, can be found. As the gas cooling process 

progresses, the heat transfer coefficient reaches its maximum, and then decreases. Since 

specific heat increases drastically near the critical region, heat transfer coefficient increases 

greatly and reaches the maximum value nearly at the pseudocritical temperature. Pressure 

increase makes the maximum value of heat transfer coefficients decrease near the 

pseudocritical temperature. For all pressures, the increase in the heat transfer coefficients of 

carbon dioxide is obtained as the mass flow rate increases.     

In the second part of the work, a system model implemented in Matlab language for 

simulating the operation of a heat pump system based on cross-counter-flow fin-and-tube 

heat exchangers has been developed. The components that have been considered are a 

compressor, a gas cooler, a thermostatic expansion valve and an evaporator. The whole 

system has been modeled based on energy balance of individual components and the 

following assumptions have been made in the analysis: 

 Heat transfer with the ambient is negligible. 

 Compression process is adiabatic but not isentropic. 

 Pressure drop in connecting pipes are negligible.  

 Changes in kinetic and potential energies are negligible. 

 Refrigerant is free from oil. 

In the computer code all geometric and operating parameters of the components of the heat 

pump system can be easily changed in order to simulate different study cases. The validation 

of the model has been accomplished using experimental data found in literature for heat 

pump systems working at similar conditions. 



90                                                                                                                                                                            Conclusions         

In the last part of the work, the theoretical performance and cost of the delivered heat of the 

heat pump system and the effects on them of operating parameters such as, ambient air 

temperature, outlet temperature and mass flow rate of the heated air have been presented 

and discussed. The ambient air temperature has been varied from 0 to 20°C, the outlet air 

temperature from 40 to 70°C and the air mass flow rate from 0.25 to 0.75 kg/s. The most 

interesting application areas for this type of heat pump can be space heating and drying 

processes.  

From the point of view of the coefficient of performance of the heat pump COP, which vary 

from 2.14 at the least favorable conditions to 6.96 at the most favorable ones, the simulation 

results show that transcritical CO2 is very well suited as working fluid for this type of heat 

pump system. The high process efficiency is owing to good adaptation of the process to the 

application and also good heat transfer characteristics are contributing to the high COP. 

From the point of view of the overall process efficiency and the savings that the system can 

achieves, 2 alternative cases for the production of the hot air have been considered in the 

analysis: an electrical kiln and a gas firing. If for the case of electrical kiln, most of the savings 

are positive and quite high, vice versa for the case of gas firing, most of the savings are 

negative and when positive do not offer values very convenient. However, the heat pump 

system has the potential to be an important alternative to the production of hot air by gas 

firing but a further optimizing of the most critical points, like the pressure drop in the heat 

exchangers, has to be done.          

In conclusion, because of the favorable thermodynamical behavior and the environmentally 

benign properties of CO2, its use as a working fluid in a heat pump system for the results 

obtained in this work can be considered as advantageous. 
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A. COMPUTER CODE AND SIMULATION RESULTS 
 

On the CD, it is possible to find all Matlab files with the computer code, the simulation results 

and all images reported and discussed in chapters 5, 6 and 7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


