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ABSTRACT 

Nowadays, reducing energy usage as well as reducing environmental impacts due to 

energy efficiency measurements is very common in the industrial sector. The objective of 

these measurements is to achieve better sustainable energy systems. 

 
Sandvik Materials Technology (SMT) AB, one of the business areas of the enterprise 

Sandvik AB, is not an exception in that field. 

 
The aim of this thesis project is to analyze how to use waste energy from the cooling of a 

steel plant for an internal district heating (DH) system within the industrial area of SMT AB 

located in Sandviken, Sweden. In order to reduce the energy use, the economic cost and 

the environmental impacts within the industrial area. 

 
In order to achieve the aim has been studied the heat pump devices as the system to 

transfer the waste heat from the cooling of the steel plant to the DH system. Therefore, 

after the introduction to the project (part 1: Introduction) and the explanation of the aim 

(part 2: Aim, methodology and delimitations), the basics of the heat pumps are studied 

and explained (part 3: Heat pumps theoretical study). After that, the knowledge acquired 

in part 3 is applied to define and calculate the heat pump system which fulfill the required 

objectives achieving the greatest energy, economical and environmental impacts 

reductions (part 4: Heat pump practical study). 

 
The achieved results show that there is a great opportunity to reduce the energy use 

within the industrial area (until 45300 MWh per year), the economical cost (until 2 millions 

euros per year) and the  2CO  emissions (until 2.3 millions of  2CO  kg per year1). 

 
Therefore, the conclusion is that it must be taken into account to build the heat pump 

system and also that the effort of finding possible energy efficiency measurements within 

the industrial sector must be one priority for all the industrial companies, not only because 

the possible potential economical reductions, but also because of the potential 

environmental impacts reductions. 

                                                 
1 Rate of kg of  2CO emissions per MWh used equal to 51 kg per MWh. Source: SMT AB. 



 



TABLE OF CONTENTS 

PREFACE 

ABSTRACT 

TABLE OF CONTENTS 

NOMENCLATURE 

1. INTRODUCTION ..............................................................................................11 

2. AIM, METHODOLOGY AND DELIMITATIONS.................................................17 

3. HEAT PUMPS THEORETICAL STUDY............................................................19 

3.1. What is a heat pump? ................................................................................19 

3.2. Heat pump, heat recovery and refrigeration systems .................................20 

3.3. Heat pump heat sources ............................................................................22 

3.4. Heat pump sinks and applications..............................................................23 

3.5. Heat pump types........................................................................................24 

3.6. Close cycle MVC heat pumps ....................................................................27 

3.6.1. The basic configuration....................................................................27 

3.6.2. Components ....................................................................................36 

3.6.3. Parameters......................................................................................44 

3.6.4. Cycles..............................................................................................48 

3.6.5. Refrigerants .....................................................................................57 

3.6.6. Comparison between cycles and refrigerants ..................................65 

3.6.7. Other parameters.............................................................................75 

4. HEAT PUMP PRACTICAL STUDY ...................................................................89 

4.1. System boundary .......................................................................................90 

4.2. System definition........................................................................................91 

4.2.1. Present heating system ...................................................................91 

4.2.2. Future heating system .....................................................................94 

4.3. Heat pump system parameters ..................................................................96 

4.4. Buffer tank simulation...............................................................................104 

4.5. Heat pump calculation..............................................................................111 

4.5.1. Objective of the heat pump ............................................................112 

4.5.2. Parameters of the heat pump calculation.......................................112 

4.5.3. Definition of the input parameters ..................................................113 



 
Table of contents 

 

4.5.4. Process of calculation ................................................................... 116 

4.6. Results and discussion ............................................................................ 124 

4.6.1. Results of the minimum system cost solution ................................ 124 

4.6.2. Results of the different studied cases............................................ 126 

5. CONCLUSIONS ............................................................................................. 133 

REFERENCES 

LIST OF FIGURES 

LIST OF TABLES 

APPENDIX 1: PROGRAM 

 



NOMENCLATURE 

COP [ ]-  coefficient of performance 

hpCOP   heating coefficient of performance 

hp.carnotCOP   Carnot coefficient of performance 

⋅
c  









h

m3

 flow rate 

⋅

cc   water flow rate of the cooling system 

⋅

tc   water flow rate from the tank to the heat pump 

⋅

dc   water flow rate of the district heating network 

⋅

Eo5c   Eo5 oil flow rate 

pc  








⋅ Kkg

kJ
 specific heat 

h  








kg

kJ
 enthalpy 

1...nh   enthalpy in the thermodynamic states 1 to n 

condenserh∆   condenser enthalpy 

evaporatorh∆   evaporator enthalpy 

Gf  [ ]%  heat loss factor 

M  [ ]kg  mass 

rM   refrigerant charge 

⋅
m  






s

kg
 mass flow rate 

⋅

rm   refrigerant mass flow rate 

P  [ ]Pa  pressure 

1...nP   pressure in the thermodynamic states 1 to n 



 
Nomenclature 

criticalP   critical pressure 

∆P [ ]Pa  pressure drop 

evaporator∆P   pressure drop in the evaporator 

condenser∆P   pressure drop in the condenser 

line suction∆P   pressure drop in the suction line 

line discharge∆P   pressure drop in the discharge line 

line liquid∆P   pressure drop in the liquid line 

⋅
Q  






s

kJ
 heat transfer 

⋅

cQ   heating capacity 

⋅

eQ    cooling capacity 

⋅

cdQ   cooling demand 

demandQ
⋅

  heat demand 

deliveredQ
⋅

  heat delivered 

⋅

lossQ   heat losses in the compressor 

q  








kg

kJ
 specific energy capacity 

eq   specific cooling capacity 

cq   specific heating capacity 

s 








⋅ Kkg

kJ
 entropy 

1...ns   entropy in the thermodynamic states 1 to n 

T  [ ]Cº  temperature 

eT   evaporation temperature 

cT   condensing temperature 

dsT   water supply temperature from the HP to the DH 



   
  Nomeclature 

drT   water return temperature from the DH to the HP 

csT   water supply temperature to the cooling system 

crT   water return temperature from the cooling system 

tT   water tank temperature 

tsT   water supply temperature from the tank to the HP 

trT   water return temperature from the HP to the tank 

1...nT   temperature in the thermodynamic states 1 to n 

sinkheat T   heat sink temperature 

sourceheat T   heat source temperature 

criticalT   critical temperature 

T∆  [ ]K  temperature increment 

SHT∆   superheat after the evaporator 

SCT∆   subcooling after the condenser 

V  [ ]3m  volume 

tV   tank volume 

v  








kg

m3

 specific volume 

gv   gas specific volume 

⋅
V  









h

m3

 volume flow 

⋅

sV   volume suction flow 

⋅

dV   volume displacement flow 

⋅
W  [ ]kW  power 

inW
⋅

  compressor power consumption 

supplyW
⋅

  power supply 



 
Nomenclature 

w  








kg

kJ
 specific energy capacity 

inw   specific power consumption 

x  [ ]-  quality 

1...nx   quality in the thermodynamic states 1 to n 

ρ  





3m

kg
 density 

η  [ ]-  efficiency 

ISη   isentropic compressor efficiency 

volumetricη   volumetric efficiency 

SHXη   suction heat exchanger efficiency 

rintercooleη   intercooler efficiency 

o.b.η   oil boilers efficiency 

e.b.η   electrical boilers efficiency 

e.m.η   electrical motor efficiency 

 

 

 
 
 



  11 

1. INTRODUCTION 

Sandvik AB 

Sandvik AB is a very large enterprise with more than 47000 employees around the 

world, and with representation in 130 countries. Nowadays, Sandvik AB is divided into 

three business areas, they are: mining and construction, tooling and materials 

technology. 

 

The tooling area produces tools and tooling systems for metal cutting, blanks and 

components. 

 

The mining and construction area supply equipment, tools and services for mining and 

construction.1 

 

The materials technology area is a world leading developer and producer of advanced 

alloys and ceramic materials. 2 

 

          
  a) Tooling area. b) Mining and construction area. c) Materials technology area. 

Figure 1-1: Representative overview of the products manufactured by Sandvik Coromant AB 

(a), Sandvik Mining and Construction AB (b) and Sandvik Materials Technology AB (c). 

(Source: Sandvik AB) 

 
Sandviken 

Sandviken is a small town located in the province of Gästrikland, Sweden. Gästrikland 

is a historical province of natural wealth and beauty, rich in history and amusements. It 
                                                 
1 Sandvik AB. Available from: http://www.sandvik.com [Accessed 11 May 2008] 
2 SMT AB. Available from: http://www.smt.sandvik.com [Accessed 11 May 2008] 
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is called The Gateway to the North of Sweden, because it is a pleasant combination of 

the fertile fields of the south and the vast forests of the north of Sweden. 

Also is known as the “Järnriket”, the Iron Kingdom, because of the many centuries of 

iron production history. From the very first refinements places 2000 years ago, to the 

modern industrialized iron mills in Sandviken and Hofors. And it was just in Sandviken, 

a town with an current population of approximately 24000, where Göran Fredick 

Göransson founded the company Högbo Stål & Jernwerks AB in 1862 (the present 

Sandvik AB). Before, on 1958, Göran Fredick Göransson had succeeded to produce 

steel using the Bessmer method for the first time in the world.3 

 

Since 1862 up to now, Sandvik AB has had a lot of prosperity periods but also some 

recession periods, although it has always overcome the difficult periods and has been 

continuously growing up with hard work of many worthy people and with an 

unchanged strategy focused on high quality and added value products, continuous 

investments in R&D and close contact with customers.4 

 

 
Figure 1-2: Map of Sweden, map of the Gästrikland province and location of 

Sandviken, coat of arms of the Gästrikland province and partial view of the 

industrial area of Sandvik AB located in Sandviken, the second largest in 

Sweden. 

                                                 
3 Sverige Turism. Available from: http://www.sverigeturism.se [Accessed 11 May 2008] 
4 Sandvik AB. Available from: http://www.sandvik.com [Accessed 11 May 2008] 
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Steel Plant 

Within the industrial area of Sandvik Materials Technology AB located in Sandviken, 

there is a steel plant. Inside the steel plant there are some processes which need to 

be cooled down. For that reason there is a quite complex cooling system. 

 

 

The cooling system 

The present cooling system is composed of two close cycles which are connected with 

heat exchangers (see figure 1-3). 

 

Figure 1-3: Sketch of the Steel plant cooling system. 

 

The first close cycle is inside the steel plant (1-2-3-4). It uses water which circulates 

through the processes cooling them down and increasing its temperature (‘1’ to ‘2’). 

Then, the water enters one side of the heat exchangers (point ‘3’). 

 

Second, there is a close cycle which uses water from a dam (a-b-c-d). The water from 

the dam (point ‘a’) passes through the other side of the heat exchangers (‘b’ to ‘c’). 

Energy is transferred from the water steel plant close cycle to the dam cycle, cooling 

down the water of the steel plant close cycle (‘3’ to ‘4’), and increasing the temperature 

of the dam water cycle. After that, the water is returned to the dam (point ‘d’). 
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• The present cooling system 

The present cooling system has some problems. First, the close cycle of the steel 

plant has some design problems and then the processes are not cooled down as 

Sandvik wants. Second, the water of the dam during the hotter months has a high 

temperature and there are problems to cool down the water of the steel plant close 

cycle. 

 

Furthermore, it is wanted to increase the production in a near future. In addition, 

Sandvik has some targets about energy efficiency and environmental aspects. 

 

For all these aspects, Sandvik wants to rebuild the present cooling system.  

 

• The future cooling system 

On the one hand, Sandvik is going to improve the steel plant close cycle making 

important changes in it. 

 

On the other hand, it is wanted to change the system for cooling down the water 

that circulates inside the close cycle of the steel plant, to a new one which fulfils 

the cooling demand. And also with this new system Sandvik wants to use the 

absorbed energy for a useful purpose instead of losing it in the dam. 
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Heating system: 

Nowadays SMT uses basically electricity and Eo5 oil for producing steam and a steam 

network within the industrial area for heating the buildings and supply tap hot water 

(see figure 1-4). But this present system is quite old and has low energy efficiency. 

 

 
Figure 1-4: Actual heating system. 

 
Then Sandvik Materials Technology (SMT) is planning to use the heat absorbed in the 

cooling system for an internal district heating (DH) system within the industrial area. 

This system is also planned to interconnect with the local municipal DH system, to 

enable heat exchange especially during the summertime when the industrial heat 

consumption is low but the steel plant needs cooling (see figure 1-5). 

 

Figure 1-5: Future possible heating system. 
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District heating 

District heating is a technical system for heating normally a town or a part of a city 

(see figure 1-6). The heat can be produced in various types of heat plants: oil-fired 

furnaces, large combined heat and power plants (CHP), geothermal power plants and 

heat pumps using either geothermal or waste energy.5 

 

 

Figure 1-6: Simple overview of a district heating system (Source: SWEP International AB) 

 

 

Heat pump 

A heat pump is the future system selected by Sandvik to cool down the close cycle of 

the steel plant. 

 

The objective of the heat pump is to absorb the waste energy from the water of the 

steel plant close cycle, cooling it down. And then “move” the waste energy to the 

district heating system. 

 

With this future system, not only the cooling demand of the steel plant is fulfilled, but 

also the waste energy from the cooling of the steel plant is used for a useful purpose 

and, therefore improving the energy use within the industrial area.  

                                                 
5 SWEP International AB. Available from http://www.swep.net [Accessed 11 May 2008] 
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2. AIM, METHODOLOGY AND DELIMITATIONS 

Aim of the project 

The aim of the project has two dimensions. On the one hand there is a theoretical aim 

and on the other hand there is a practical aim. 

 
The theoretical aim consists in the study of the heat pump systems to learn and 

understand how they work. And then have the enough knowledge to face the practical 

aim. 

 
The practical aim consists in the analysis of the use of a heat pump for transfer heat 

from the steel plant to the DH system and suggests possible solutions with benefits 

and drawbacks; in order to reduce the energy use, the economic cost and the 

environmental impacts within the industrial area. 

 

Methodology 

A self-learning methodology combined with a top-down approach method has been 

used. This means that first has been studied the systems with a global point of view, 

just taking into account the main parameters. And subsequently has been continuous 

studying deeper the systems taking into account more specific things. 

 
In order to do that, dozens of books, articles and websites have been used; as well as 

some programs: EES1, Matlab2, CoolPack3, S&T Hex4 and SSP CBE5. Furthermore, 

the knowledge and advices of some people have been helpful during the process. 

 

Delimitations 

The most important delimitation is the duration of the project, because some aspects 

about the heat pumps would demand the same dedication as the whole project. As for 

example: the compressor used in the heat pump systems or the condenser and 

evaporator. In this project just the main parameters of the operation of the heat pumps 

are studied. 

                                                 
1 EES: Engineering Equation Solver, version 6.883-3D (09/01/03) 
2 Matlab: computational software, version 7.0.0.19920 (R14) (06/05/04) 
3 CoolPack: collection of simulation models to calculate refrigeration systems, version 1.46. 
4 S&T Hex: Shell & Tube Heat Exchanger Design, version 1.2. 
5 SSP CBE: SWEP Software Package, version 1.5.6. Advanced heat exchange simulation software. 



 



  19 

3. HEAT PUMPS THEORETICAL STUDY 

In this part of the project, first the general concepts about heat pumps are studied. After 

that, the close cycle mechanical vapour compressions heat pumps type are studied, in 

order to apply the learned concepts in the practical part of the project. 

Now is the moment to start the study with a very simple question: what is a heat pump? 

 

3.1. WHAT IS A HEAT PUMP? 

A heat pump is a device that can increase the temperature of a waste-heat source 

readily available to a temperature where the waste-heat becomes useful. A heat pump 

“moves” waste-heat from one medium to another. 

 
Then the waste-heat source can reduce purchased energy (electricity, oil, etc.) and 

reduce energy costs.1 

 
However, the Second Law of Thermodynamics states that heat will not pass from a 

cold medium to a warm one without adding of an external energy source. Therefore, a 

heat pump will require an external mechanical or thermal energy source to “move” and 

increase the temperature of waste-heat source.2 

 
The main objective is to design a system in which the benefits of using a heat pump to 

pump the waste-heat exceed the cost of driving the heat pump and of course the 

benefits exceeds the use of another type of energy system for suppling the needed 

energy.3 

 

                                                 
1 U.S. Department of Energy: Energy Efficiency and Renewable Energy, Industrial Heat Pumps for Steam 
and Fuel Savings, Washington, 2003. 
2 Queen’s University: Refrigeration Laboratory, Notes on Vapour-Compression Refrigeration, Kingston.  
3 U.S. Department of Energy: Energy Efficiency and Renewable Energy. 
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3.2. HEAT PUMP, HEAT RECOVERY AND REFRIGERATION 

SYSTEMS 

The heat pump systems are common only in few countries, for example: Sweden, 

England, United States, Canada, etc. But in quite a lot of other countries they are not 

that common. For that reason the heat pump systems can be unknown for some 

people. 

 

The same can happen with the heat recovery systems. Not too many people know and 

understand what is a heat pump system and a heat recovery system. 

 

Otherwise, refrigeration systems are very common in all the countries. We just have to 

take a look in our fridges.  

 

Well then, all these three systems have the same operation principles. The difference 

between them is just the objective, the medium which is necessary to control. 

 

In a refrigeration system the objective is to maintain the refrigerated medium at a low 

temperature by removing heat from it. But it is not necessary to control the warm 

medium, the heat is just thrown to the environment. 

 

In a heat pump system the objective is to maintain a heated medium at a high 

temperature.4 

 

In a heat recovery system the objective is double; both mediums need to be controlled. 

On the one hand a heat recovery system has to maintain the refrigerated medium at a 

low temperature by removing heat from it and on the other hand it has to maintain a 

heated medium at a high temperature. Although normally one of the mediums is the 

critical and the other medium must adapt to changes on the other. 

 

                                                 
4 Yunus A. Çencel & Michael A. Boles, Thermodynamics: An Engineering Approach, 5th edn, McGraw-Hill, 
2005, p. 608 
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You can see in the next figure the differences between these systems: 

    
 a) Refrigeration system b) Heat pump system c) Heat recovery system 
 

Figure 3-1: Main difference between refrigeration, heat pump and heat recovery 

systems (Yunus A. Çencel & Michael A. Boles, Thermodynamics: An 

Engineering Approach, 5th edn, McGraw-Hill, 2005, p. 608). a) In a refrigeration 

system it is necessary to achieve the necessary cooling capacity and the 

removed heat is expelled to the warm environment. b) In a heat pump system, 

heat is taken from a cold environment and it is delivered to the warm medium, 

the one to control. c) And in a heat recovery system it is necessary to control 

both mediums. 
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3.3. HEAT PUMP HEAT SOURCES 

In a heat pump the heat source is the medium donating the heat. There are a lot of 

mediums which can be the heat source in heat pump systems.  

 

One classification of the heat sources is: 

• Air. 

• Water. 

• Ground. 

 

And some examples of heat sources and their useful temperatures for use in heat 

pump systems are: 

 

Heat Sources5 Temperature range (ºC) 

• Ambient air -10 / 15 

• Exhaust air 15 / 25 

• Ground air 4 / 10 

• Lake water 0 / 10 

• River water 0 / 10 

• Sea water 3 / 8 

• Ground 0 / 10 

• Waste water and effluent > 10 

• Steam  

 

                                                 
5 Heat Pump Centre. Available from: http://www.heatpumpcenter.org [Accessed 13 May 2008] 
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3.4. HEAT PUMP SINKS AND APPLICATIONS 

The heat sink is the medium receiving the heat. Different types of liquids and gases 

are both possible sinks. But the most common sinks are water and air. 

 

The possible applications of heat pumps are very large. Some of the most common 

applications are: 

• Space heating. 

• Heating and cooling of processes streams. 

• Water heating for washing, sanitation and cleaning. 

• Steam production. 

• Drying and dehumidification. 

• Evaporation. 

• Distillation. 

• Concentration. 

• Desalination.6 

 

                                                 
6 Heat Pump Centre. Available from: http://www.heatpumpcenter.org [Accessed 13 May 2008] 
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3.5. HEAT PUMP TYPES 

The most common types of heat pumps are: 

• Closed-cycle mechanical vapour compression heat pumps. 

• Open-cycle mechanical vapour compression heat pumps. 

• Open-cycle thermocompression heat pumps. 

• Close-cycle absorption heat pumps. 

 

Closed-cycle mechanical vapour compressions (MVC) heat pumps: this type of heat 

pumps uses mechanical compression of a working fluid to achieve the temperature lift. 

The working fluid is typically a refrigerant. And the most common mechanical drives 

are electric motors, steam turbines, combustion engines, and combustion turbines.7 

 

Open-cycle mechanical vapour compression heat pumps: this type of heat pumps 

uses a mechanical compressor to increase the pressure of a waste vapour. The 

working fluid is water vapour. This type of heat pumps is considered to be open cycle 

because the working fluid is a process stream. Most common mechanical drives are 

electric motors, steam turbines, combustion engines, and combustion turbines. 

 

Open-cycle thermocompression heat pumps: they use energy in high-pressure motive 

steam to increase the pressure of waste vapour using a jet-ejector device. Typically 

used in evaporators, the working fluid is steam. As the MVC heat pumps, 

thermocompression heat pumps are open cycle. 

 

Closed-cycle absorption heat pumps: absorption heat pumps are thermally driven. 

They use a two-component working fluid and the principles of boiling point elevation 

and heat of absorption to achieve temperature lift and to deliver heat at higher 

temperatures. 

The most common working fluids are: 

• Water (working fluid) and lithium bromide (absorbent). 

• Ammonia (working fluid) and water (absorbent). 

                                                 
7 U.S. Department of Energy: Energy Efficiency and Renewable Energy, 
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Four heat exchangers –an evaporator, condenser, generator, and absorber- are found 

in a typical absorption heat pump. 

 

The difference between the absorption and the MVC heat pumps is that in the 

absorption heat pumps the compression of the working fluid is achieved thermally in a 

solution circuit which consist of an absorber, a pump, a generator and an expansion 

valve. In the pump it is only needed a small part of the electricity demand compare 

with the electricity demand in the compressor of an MVC heat pump. 

 

In a typical absorption heat pump application, waste heat at low temperature is 

delivered to the evaporator, and prime heat at a high temperature is delivered to the 

generator. An amount of heat equivalent to the sum of the high and low temperature 

heat inputs can be recovered at an intermediate temperature via the condenser and 

absorber (see figure 3-2). 

 

 

Figure 3-2: Typical application of a close cycle absorption heat pump. 
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For the next parts of the heat pumps theoretical study only the closed-cycle MVC heat 

pumps type is taken into account because practically all heat pump systems operate 

with this type of heat pumps and because the practical study in the next part is based 

in this type of heat pumps. 

 
To end this part in the next table are presented some applications of heat pumps with 

the used type of heat pump. 

 

 Activity Process Heat pump type 
 Pulp manufacturing. Concentration of black liquor. Mechanical vapour 

   compression, Open cycle. 
 District heating. Large-scale space heating. Mechanical vapour 
   compression, 
   Absorption, 

   Closed cycle. 
 Manufacturing of Desalination of sea water. Mechanical vapour 
   compression 

 drinking water.  Open cycle. 
 Paper Manufacturing. Flash-steam recovery. Thermocompression, 

   Open cycle. 
 Lumber Manufacturing. Product drying. Mechanical vapour 
   compression, 

   Closed cycle. 
 Juice Manufacturing. Juice concentration. Mechanical vapour 
   compression, 

   Open cycle. 
 General food-product Heating of process and Mechanical vapour 
   compression, 

 manufacturing. cleaning water. Closed cycle. 
 

 Figure 3-3: Representative overview of heat pump types and their applications. 
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3.6. CLOSE CYCLE MECHANICAL VAPOUR COMPRESSION 

(MVC) HEAT PUMPS 

First of all, in the first section, an explanation of the basic concepts about close 

cycle MVC heat pumps is given. Then, in next sections all the concepts related 

with the close cycle MVC heat pumps are studied more deeply: the components, 

the parameters, the refrigerant and the thermodynamic cycles. Then a comparison 

between different thermodynamic cycles and refrigerants is exposed. And finally 

some other parameters to take into account in close cycle MVC heat pumps are 

explained.  

 

3.6.1. The basic configuration 

In the close cycle MVC heat pumps, the basic heat pump has the next 

configuration (see figure 3-4): 

 

Figure 3-4: Basic heat pump configuration in close cycle MVC heat pumps. 

 

In this configuration the main components are the compressor, the evaporator, the 

condenser and the expansion valve. All of them are connected with pipes. 

 

Inside the pipes and components flows the working fluid. In a close cycle MVC 

heat pumps it is a refrigerant. This refrigerant is alternatively compressed and 

expanded and goes from the liquid to the vapour state. 
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The condenser and the evaporator are heat exchangers. In the evaporator heat is 

transferred from the heat source to the refrigerant. In the condenser heat is 

transferred from the refrigerant to the heat sink (see figure 3-5). 

 

  Figure 3-5: Basic heat pump system. 

 

The basic thermodynamic cycle with which works this heat pump configuration is 

the one stage simple cycle, it is as is shown in the next Log P-h diagram. 

 

 

 Figure 3-6: Log P-h diagram of a one stage heat pump simple cycle.  
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This thermodynamic cycle is defined by four states (points) and four 

thermodynamic processes (lines) as is shown in the figure 3-7. 

 

 Figure 3-7: States and processes in a one stage heat pump simple cycle. 

 

The states refer to the refrigerant condition in a specific place: 

• State 1: Saturated or slightly superheated vapour. 

• State 2: Superheated vapour. 

• State 3: Saturated or slightly sub-cooled liquid. 

• State 4: Saturated liquid-vapour mixture. 

 

The four thermodynamic processes are: 

• Process 1-2: Compression. 

• Process 2-3: Condensation. 

• Process 3-4: Expansion. 

• Process 4-1: Evaporation. 

 

 Figure 3-8: States and processes in a one stage heat pump simple cycle. 
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How does the heat pump work?  

• Process ‘1’ to ‘2’: the compressor removes the gas produced in the evaporator 

(state ‘1’) and compresses it, delivering it to the condenser at a higher pressure 

and temperature (state ‘2’). The energy required for driving the compressor is 

called the power consumption (
⋅

inW [ ]kW ). 

• Process ‘2’ to ‘3’: in the condenser heat is transferred from the refrigerant to 

the heat sink, thus the heat sink increases its temperature. The refrigerant 

changes its state from superheated vapour (state ‘2’) to saturated liquid (state 

‘3’). The total capacity of heat transfer in the condenser is called the heating 

capacity (
⋅

cQ [ ]kW ). 

• Process ‘3’ to ‘4’: the expansion valve releases the pressure between the high-

pressure condensation side (state ‘3’) and the low-pressure evaporation side 

(state ‘4’). 

• Process ‘4’ to ‘1’: in the evaporator the refrigerant boils by absorbing energy 

from the heat source, which reduces its temperature. The refrigerant changes 

its state from saturated liquid-vapour mixture (state ‘4’) to saturated vapour 

(state ‘1’). The total capacity to absorb heat from the heat source is called the 

cooling capacity (
⋅

eQ [ ]kW ). 

 

 Figure 3-9: Heat pump system with input and outputs. 



 
  Heat pumps theoretical study  3 

  31 

These three parameters, the cooling capacity, the heating capacity and the power 

consumption are three of the main parameters in a heat pump system. The other 

main parameters are: 

 

• Condensing temperature: cT [ ]Cº . 

• Evaporation temperature: eT [ ]Cº . 

• Heat sink temperature: sinkheat T [ ]Cº . 

• Heat source temperature: sourceheat T [ ]Cº . 

• Refrigerant mass flow rate: 
⋅

rm 






s

kg
. 

 

 

The heat source temperature decreases as the stream passes through the 

evaporator. The heat sink temperature increases as the stream passes through the 

condenser. The condensing temperature and evaporation temperature are 

constant. The condensing temperature must be higher than the maximum reached 

heat sink temperature along the condenser. The evaporation temperature must be 

lower than the minimum heat sink temperature achieved along the evaporator (see 

figure 3-10). 

 

 Figure 3-10: T-s diagram of a one stage heat pump simple cycle. 
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To calculate all these parameters it is necessary to know or choose some of them, 

and then it is necessary to know how the processes are carried out. 

 

In a heat pump system, normally the chosen parameters are: 

• The heating capacity. 

• The condensing temperature. 

• The evaporation temperature. 

• The heat sink inlet and outlet temperature. 

• The heat source inlet and outlet temperature. 

 

If we consider an ideal basic thermodynamic cycle the processes are carried out 

taking into account the next assumptions: 

 

 Process Component Assumption 

• Process ‘1’ to ‘2’ Compressor Isentropic process ( 21 ss = ) 

• Process ‘2’ to ‘3’ Condenser Isobaric process ( 32 PP = ) 

• Process ‘3’ to ‘4’ Expansion valve Isenthalpic ( 43 hh = ) 

• Process ‘4’ to ‘1’ Evaporator Isobaric process ( 14 PP = ) 

 

 

Now is possible to make the energy balance for each of the processes: 

 

 Process Component Energy balance 

• Process ‘1’ to ‘2’ Compressor ( )12rin hhmW −⋅=
⋅⋅

 

• Process ‘2’ to ‘3’ Condenser ( )32rc hhmQ −⋅=
⋅⋅

 

• Process ‘3’ to ‘4’ Expansion valve 43 hh =  

• Process ‘4’ to ‘1’ Evaporator ( )41re hhmQ −⋅=
⋅⋅
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Finally it is necessary to define the parameter which defines the performance of a 

heat pump system. It is called the heating coefficient of performance: hpCOP [ ]- . 

And it is defined as the ratio of heat delivered by the heat pump per unit of time 

and the energy supplied per unit of time to drive the heat pump. 

⋅

⋅

=
W

Q
COP c

hp  

The Carnot coefficient of performance is also defined. It tells the maximum 

possible heating coefficient of performance which is possible to reach in a heat 

pump working with defined condensing and evaporation temperatures. 

ec

c
hp.carnot TT

T
COP

−
= , with the temperatures in K. 

 

Next, one close cycle MVC heat pump system working with a one stage ideal 

simple thermodynamic cycle is calculated as an example. 

 

The input data are: 

• Type of refrigerant: HFC R134a. 

• Evaporation temperature: eT =34 ºC. 

• Condensing temperature: cT =81 ºC. 

• Heating capacity: cQ
⋅

=5000 kW. 
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The process for solving the thermodynamic cycle is shown below: 

State 1: State 2: 

1)x;Tant;s(Refrigers

1)x;Tant;h(Refrigerh

TT

PP

11

11

e1

e1

==
==

=
=

 

)P;sant;T(RefrigerT

)P;sant;h(Refrigerh

ss

PP

222

222

12

c2

=
=
=
=

 

 
State 3: State 4: 

0)x;Tant;s(Refrigers

0)x;Tant;h(Refrigerh

TT

PP

32

33

c3

c3

==
==

=
=

 

)P;hant;x(Refrigerx

)P;hant;s(Refrigers

hh

TT

PP

444

444

34

e4

e4

=
=
=
=
=

 

 
Equations: 

⋅

⋅

⋅⋅

⋅⋅

⋅⋅

=

−⋅=

−⋅=

−⋅=

in

c
hp

32rc

41re

12rin

W

Q
COP

)h(hmQ

)h(hmQ

)h(hmW

 

 

The Log P-h diagram for this cycle is: 

 

 Figure 3-11: Log P-h diagram for the solved example. 
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The results for this cycle are: 

• Power consumption: 
⋅

inW = 985 kW . 

• Cooling capacity: 
⋅

eQ = 4014 kW . 

• Heating coefficient of performance: hpCOP = 5.07. 

• Refrigerant mass flow rate: 
⋅

rm = 44.22
s

kg
. 

 

It is interesting to see what happens to the hpCOP  if the condensation temperature 

or the evaporation temperature are increased or decreased 1 K. 

 

 Temperature Temperature lifts hpCOP  Variation 

 Variation variation ( cT - eT ) 

eT =33 -1 K 2.1% 4.95 -2.4% 

eT =35 +1 K -2.1% 5.21 2.7% 

cT =82 +1 K 2.1% 4.92 -3.0% 

cT =80 -1 K -2.1% 5.24 3.4% 

 

Therefore if it is wanted to increase the performance of the heat pump system first 

it is advised to decrease the condensing temperature as much as possible. 

Secondly it is advised to increase the evaporation temperature as much as 

possible. 
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3.6.2. Components 

In a MVC heat pumps there are four essential components, they are: 

• The compressor, 

• The condenser, 

• The evaporator, and 

• The expansion valve. 

 

The compressor:8 

The function of a compressor is to remove the gas produced by the evaporator and 

to deliver it at a required higher pressure (see figure 3-12). 

 

The compressor can be compared to a heart pumping the blood (the refrigerant) 

inside the body (close cycle MVC cycle). 

 

In the basic compression cycle, the compressor is positioned between the 

evaporator and the condenser. 

 

The compressor removes the gas produced in the evaporator. It must remove 

continuously the gas to maintain the same pressure. After that, the compressor 

pumps the gas from the evaporator and compresses it, delivering it to the 

condenser at a higher pressure and temperature (‘1’ to ‘2’’). The energy required 

for the compression normally comes from electricity. 

 

 Figure 3-12: Close cycle MVC heat pumps: compression process. 
                                                 
8 SWEP. Available from: http://www.swep.net [Accessed 13 May 2008] 
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The process ‘1’ to ‘2’’ symbolizes an ideal isentropic compression, in which there is 

not heat exchange with the surroundings. However, in reality there are always 

some heat losses from compressor and also some dissipation of energy due to 

mechanical friction in the equipment and potential leakage in the compressor. 

 

The difference between isentropic and present compression taking into account 

the dissipation of energy can be expressed by the isentropic compressor efficiency: 

12'

12
IS hh

hh
η

−
−=  

 
There are several types of compressors divided into to types: 

• Positive displacement compressors: 

o Screw compressors. 

o Rotary compressors. 

o Rolling piston compressors. 

o Scroll compressors. 

• Dynamic compressors: 

o Turbo compressors. 

 

The working principles of displacement compressors and dynamic compressors 

are similar but with some differences. In positive displacement compressors, a 

certain volume of gas is captured in a space that is continuously reduced by the 

compressing device (piston, scroll, screw or similar) inside the compressor. The 

reduction in volume increases the pressure of the vapour when the compressor is 

operating. The principle of dynamic compressors, also called a turbo compressor, 

is different. Here, the gas is compressed by accelerating it with an impeller. The 

pressure is further increased in the diffuser, where the speed is transformed into 

pressure. Turbo compressors are interesting for very large capacities, where the 

inlet flows may be approximately 2000 /hm3  or more. 

 

Compressors can be also installed in either single or multistage configuration, and 

can be connected to each other in series or in parallel. Finally, the selection of 

compressor depends on the heat pump application and in the type of refrigerant 

used. 
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The condenser:9 

The function of the condenser is to transfer hot discharge gas from the compressor 

to a slightly subcooled liquid flow, by transferring heat from the refrigerant to the 

heat sink. 

 

The basic operation of condensers is divided into three parts: 

• Desuperheating. 

• Condensation. 

• Sub-cooling. 

All three operations can be carried out inside the condenser. Alternatively, the 

desuperheating or sub-cooling operation can be carried out in a separate heat 

exchanger. 

 

The heat rejection can be followed in a Log a P-h diagram. 

 

 Figure 3-13: Close cycle MVC heat pumps: condensation process. 

 

The first part of the condenser desuperheats the gas to the saturation temperature 

(‘1’ to ‘2’). This cooling represents 15-25% of the total heat rejection. It is one-

phase heat transfer where the temperature of the refrigerant gas decreases 

typically by 20-50 K, depending on the system and refrigerant. 

 

                                                 
9 SWEP. Available from: http://www.swep.net [Accessed 13 May 2008] 
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When the refrigerant reaches its saturation temperature, the latent heat is rejected. 

Normally the condensing process represents the majority (70-80%) of the total 

heat rejection (‘2’ to ‘3’). 

 

Finally, the fully condensed refrigerant (state ‘3’) is sub-cooled a few degrees (‘3’ 

to ‘4’) to ensure that pure liquid enters the expansion valve (state ‘4’). This is also 

one-phase heat transfer operation, representing approximately 2-5 % of the total 

heat rejection. 

 

The temperature of the refrigerant decreases during the desuperheating and sub-

cooling processes, but remains constant during the condensing processes (see 

Figure 3-13). 

 

 Figure 3-14: Temperature evolution along the condensation process. 

 

The energy rejected from the refrigerant heats the heat sink, whose temperature 

thus increases. 

 

The temperature of the heat sink can be increased to approach or even exceed 

the condensing temperature (‘6’). A temperature increases results in a smaller flow 

on heat sink side for the same heat load. This reduces the required pump capacity. 

However, there is a minimum temperature difference that must be considered and 

avoided for stable operation, it is called the pinch temperature. This minimum 

occurs at the beginning of the condensation process (in a counter-current 

condenser). 
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Therefore, the temperatures of the two media in a heat exchanger may converge 

but never be equal.  

 

An example of temperature difference between condensing temperature and outlet 

heat sink maximum temperature (‘2’ to ‘6’) is 2 K. 

 

Another important effect in the condensers is the pressure drop. Pressure drop is 

created by the friction of the fluid, and is highly dependent on the fluid velocity. In a 

condenser, the refrigerant flow velocity is reduced as the refrigerant condenses, 

because the liquid phase has a much smaller specific volume than the gas phase. 

Hence, the major part of the pressure drop of the condenser is induced in the 

desuperheating operation, when the refrigerant is still gas. Reducing the pressure 

results in a decrease of the saturation temperature. But normally these effects are 

very limited. 
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The expansion valve:10 

The expansion valve is situated in the liquid line between the condenser and the 

inlet of the evaporator. The expansion valve releases the pressure between the 

high-pressure condensation side and the low-pressure evaporation side. 

 

The expansion valve has two purposes: 

1. Maintaining the pressure difference between the condenser (high pressure) 

and the evaporator (low pressure): the pressure difference created by the work 

of the compressor is maintained by the expansion device. 

2. Controlling the amount of refrigerant entering the evaporator: if the capacity of 

the evaporator increases, the expansion valve should allow a larger flow of 

refrigerant, and vice versa. 

 

Expansion valves does control directly the evaporation temperature. Instead it 

regulates the superheating by adjusting the mass flow of refrigerant into the 

evaporator, and maintains the pressure difference between the high pressure and 

the low pressure sides. The evaporation temperature depends on the capacity of 

the compressor and the characteristics and efficiency of the evaporator. 

 

There are numerous types of expansion valves, depending on the demand for 

control and the type of evaporator, some of them are: 

• Thermal expansion valves. 

• Manual valves. 

• Capillary valves. 

• Automatic valves. 

• Electronic expansion valves. 

 

 

                                                 
10 SWEP. Available from: http://www.swep.net [Accessed 13 May 2008] 
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The evaporator:11 

In the evaporator, the refrigerant boils by absorbing energy from the heat source 

which reduces its temperature. The heat source may be a gas o liquid, depending 

on the system. 

 

The evaporation process occurs as shown in the next Log p-h diagram. 

 

 

 Figure 3-15: Close cycle MVC heat pumps: evaporation process. 

 

When the sub-cooled liquid refrigerant at high pressure (state ‘1’) is expanded 

through the expansion valve, the pressure and therefore the saturation 

temperature decreases (state ‘2’). The mixture of liquid and gas from the 

expansion valve enters the evaporator and starts to boil, because heat is 

transferred from the heat source (‘2’ to ‘3’). The evaporating refrigerant absorbs 

energy from the heat source, whose temperature is reduced. After full evaporation, 

when 100% of the refrigerant has become saturated vapour (state ‘3’), the 

temperature of the vapour will start to increase, the vapour becomes then 

superheated. The refrigerant flow leaving the evaporator will be 100% superheated 

vapour (state ‘4’). The temperature change along the evaporation process is 

shown in the next diagram. 

 

                                                 
11 SWEP. Available from: http://www.swep.net [Accessed 13 May 2008] 
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 Figure 3-16: Temperature evolution along the evaporation process. 

 

The total energy absorbed by the refrigerant consists of the latent energy of 

evaporation (‘2’ to ‘3’) plus the sensible energy of superheating (‘3’ to ‘4’). The 

refrigerant vapour is superheated mainly to ensure that dry gas enters the 

compressor (see figure 3-16). 

 

The evaporation temperature of a pure refrigerant remains constant and 

corresponds to a certain pressure level. However, in reality the evaporation 

temperature is never constant through the evaporator. Inside an evaporator, the 

increased of velocity of the liquid-gas mixture will induce pressure drop, which thus 

reduces the saturation temperature. 

 

A good evaporator is able to provide a good, stable boiling process with a small 

temperature difference between the refrigerant and the heat source. A low 

temperature difference means that a higher evaporation temperature is possible, 

which corresponds to a higher pressure. Decreasing the pressure difference from 

the condensing pressure (high pressure) to the evaporation pressure (low pressure) 

will decrease the energy use in the compressor. Lower energy use will increase 

the heating coefficient of performance ( hpCOP ). 
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3.6.3. Parameters 

The main parameters in a close cycle MVC heat pumps are: 

• Refrigerant mass flow rate. 

• Refrigerant charge. 

• Specific heating capacity or condenser enthalpy. 

• Specific cooling capacity or evaporator enthalpy. 

• Specific energy use. 

• Heating capacity. 

• Cooling capacity. 

• Power consumption. 

• Condensing temperature. 

• Evaporating temperature. 

• Heating coefficient of performance. 

• Gas specific volume. 

• Volume suction flow. 

• Volumetric efficiency. 

 

 

Refrigerant mass flow rate: 
⋅

rm 






s

kg
. 

It is the mass of refrigerant per unit of time which circulates inside the heat pump. 

 

In a two stages cycle heat pumps there are two refrigerant mass flow rates. On the 

one hand there is the low stage refrigerant mass flow rate ( r.lowm
⋅

), On the other 

hand there is the high stage refrigerant mass flow rate ( r.highm
⋅

). 

 

Refrigerant charge: rM  [ ]kg  

 It is the total refrigerant mass inside the heat pump. 
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Specific heating capacity: cq 








kg

kJ
, or condenser enthalpy: condenser∆h 









kg

kJ
. 

It is a measurement of how much heat can be transferred from the refrigerant to 

the heat sink when one kg of refrigerant passes through the condenser. 

 

Specific cooling capacity: eq 








kg

kJ
, or evaporator enthalpy: evaporator∆h 









kg

kJ
. 

It is a measurement of how much heat can be transfer from the heat source to the 

refrigerant when one kg of refrigerant passes through the evaporator. 

 

Specific energy use: inw  








kg

kJ
. 

It is a measurement of how much energy is used to drive the heat pump per kg of 

refrigerant driven by the compressor. 

 

Heating capacity: 
⋅

cQ [ ]kW . 

It is the capacity of transfer heat or the heat transfer per unit of time in the 

condenser from the refrigerant to the heat sink. 

crcondensingrc qm∆hmQ ⋅=⋅=
⋅⋅⋅

 

 

Cooling capacity: 
⋅

eQ [ ]kW . 

It is the capacity of transfer heat or the heat transfer per unit of time in the 

evaporator from the heat source to the refrigerant. 

ernevaporatiore qm∆hmQ ⋅=⋅=
⋅⋅⋅

 

 

Power consumption: 
⋅

inW [ ]kW . 

It is the power needed to drive the heat pump. 
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Condensing temperature: cT [ ]Cº  

It is the temperature at which the refrigerant is condensate inside the condenser. 

This temperature must be lower than the heat source. The minimum difference 

between the condensing temperature and the heat source temperature depends 

on quite a lot of factors, as for example: the type of heat source, the 

thermodynamic properties of the refrigerant and the type and design of the 

condenser. 

 

Evaporation temperature: eT [ ]Cº  

It is the temperature at which the refrigerant is evaporated in the evaporator. This 

temperature must be higher than the heat sink temperature. As for the condensing 

temperature, the minimum difference between the evaporation temperature and 

the heat sink temperature depends on some factors: the type of heat sink, the 

thermodynamic properties of the refrigerant and the type and design of the 

evaporator. 

 

Heating coefficient of performance: hpCOP [ ]- . 

In a heat pump the coefficient of performance is defined as the ratio of heat 

delivered by the heat pump per unit of time and the energy supplied per unit of 

time to drive the heat pump. 

pumpheat   thedrive  tousedEnergy 

out givenenergy  Total
COPhp =  

 

A typical hpCOP  value could be 3. A hpCOP  of 3 means that it is delivered three 

times more energy than the energy used to drive the heat pump. Therefore a 

hpCOP  of 3 means that for each kWh used for driving the heat pump, 2 kWh are 

drawn from the heat source and 3 kWh are given to the heat sink. 

 

In a one stage cycle heat pump, the hpCOP  is: 

⋅

⋅

=
W

Q
COP c

hp  
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In a two stages cycle heat pump, the hpCOP  is: 

hp.highhp.lowhp COP

1

COP

1

COP

1 +=  

⋅

⋅

⋅

⋅

==
high

c
hp.high

low

c
hp.low

W

Q
COP ; 

W

Q
COP  

 

Gas Specific volume: v 








kg

m3

 

It is the volume taken up of a gas per unit of mass at a given pressure and 

temperature. This parameter changes a lot from one refrigerant to another. 

 

Volume suction flow: 
⋅

sV 








h

m3

 

It is the volume of refrigerant per unit of time that is suctioned by the compressor. 

⋅⋅
⋅= rs mvV  

The volume suction flow is a very important parameter in order to choose the 

compressor, because before entering the compressor the refrigerant has a high 

gas specific volume and therefore the volume suction flow could be also very high, 

depending on the refrigerant mass flow rate. 

 

Volumetric efficiency: volumetricη [ ]-  

It describes how efficiently a compressor compresses a suctioned volume flow 

compared to the displacement of the compressor. 

⋅

⋅

=
d

s
volumetric

V

V
η  
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3.6.4. Refrigerants 

Refrigerants requirements:12 

A refrigerant in a MVC heat pump system must satisfy some requirements. These 

requirements can be divided into two groups: 

• On the one hand the refrigerant should not cause any risk of injuries, fire or 

property damage in case of leakage. 

• On the other hand chemical, physical and thermodynamic properties of the 

refrigerant must be the appropriate for the system and the working conditions 

at a reasonable cost. 

 

The ideal properties for a refrigerant are: 

• Good heat transfer properties. 

• High latent heat. 

• Appropriate pressures for the operating temperature. 

• Chemical stability. 

• Low toxicity. 

• Low fire risk. 

 

Other requirements that a refrigerant should fulfil are: 

• Environmentally friendly. 

• Satisfactory oil solubility/miscibility. 

• Easy leak detection. 

• Low cost. 

 

 

The most important thing is that the refrigerant must have chemical stability within 

the heat pump system. 

 

Nevertheless, when the refrigerant is emitted to the atmosphere, it should not be 

so stable and decompose easily without the formation of any harmful substances. 

                                                 
12 SWEP. Available from: http://www.swep.net [Accessed 13 May 2008] 
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Refrigerants identification:13 

According to an international agreement, the international organization called 

ASHRAE14 gives in the ASHRAE Standard 34 the designation for the refrigerants. 

The refrigerants are represented by a letter R followed by two or three digit 

number and, in some cases, one or two letters. The designation Rxyz is 

determined by the chemical composition of the molecule, as described below. 

 

• The methane, ethane and propane series: here (x) gives the number of carbon 

atoms in the chemical formula, less one. 

o (x)=0 is the methane series, but the 0 is ignored for these compounds. 

Examples are R12 and R22. 

o (x)=1 is the members of the ethane series, like R114, R124 and R134a. 

o (x)=2 is the propane series, e.g. R290 (propane) 

In these groups, (y) describes the number of hydrogen atoms plus one and (z) 

describes the number of fluorine atoms. 

 

• Zeotropic and azeotropic mixtures: 

o (x)=4 refers to zeotropic mixtures. The components in the mixture have 

different boiling points, and therefore the refrigerant mixture has a 

temperature glide. Some examples are R407A and R407C. 

o (x)=5 refers to azeotropic mixtures. These act like homogenous 

substances with one specific boiling point, and thus they have no glide. 

R502 and R507 are examples of azeotropic mixtures. 

Here, (y) and (z) are ordinal numbers. 

 

• High organic compounds: 

o (x)=6 means that the composition is organic, e.g. butane, R600, and 

isobutene, R600a. In this group there are several subgroups, for 

example hydrocarbons, oxygen compounds, sulfuric compounds and 

nitrogen compounds. 

These subgroups have been assigned different number series within the main 

group, so (y) and (z) describe the subgroup and order within the subgroup. 

                                                 
13 SWEP. Available from: http://www.swep.net [Accessed 13 May 2008] 
14 ASHRAE, American Society of Heating, Refrigerating and Air-Conditioning Engineers. 
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• Inorganic compounds: 

o (x)=7 refers to inorganic compounds, such as water (R718), ammonia 

(R717), and carbon dioxide (R744). 

In this group, (y) and (z) are the molar mass. 

 

• Unsaturated organic compounds: 

o (x)=11 stands for unsaturated ethane compounds, such as R1150 

(ethylene). 

o (x)=12 stands for unsaturated propane compounds, such as R1270 

(propylene) 

The (y) and (z) are the same as for the ethane and propane series. 

 

The last letter, if there is any, in the description number can mean different things: 

• Lower case letters describe the structure of the molecule. For example, R600 

is butane and R600a is isobutene. These two compounds have the same 

chemical formula, but different spatial arrangements, and thus they have 

different properties. 

• Capital letters describe a specific mixing proportion of different compounds. 

For example, R407 A-E are mixtures of the refrigerants R32, R125 and R134a. 

R407A has the following mixing proportions: 20% R32, 40% R125 and 40% 

R134a; while R407C consists of 23% R32, 25% R125 and 52% R134a. 
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Environmental impacts of refrigerants:15 

In addition to being toxic or explosive and therefore dangerous to people’s health, 

there are other problems associated with refrigerants. Environmental aspects are 

increasingly being taken into consideration. Refrigerants can thus also be ranked 

according to their impact on the stratospheric ozone layer (the Ozone Depletion 

Potential, ODP) or as greenhouses gases (the Global Warming Potential, GWP). 

 

• Ozone Depletion Potential, ODP: 

The ODP factor is used to reflect the refrigerants impact on the ozone layer. 

The ODP is the ratio of the impact on ozone of a chemical compared with the 

impact of a similar mass of R11. Thus, the ODP of R11 is 1.0 by definition. 

Refrigerants containing chlorine or bromine contribute to the breakdown of the 

ozone layer. The reaction is as follows: 

ClO  O  O  Cl 23 +→+  

However, the ClO  molecule is unstable. It breaks down and reacts with the 

ozone molecules repeatedly until a more stable compound is created. 

Some examples of ODP are: R12 has a ODP of 1.0, R22 has a ODP of 0.6 

and R134a has a ODP of 0.0. 

 

• Global Warming Potential, GWP: 

The GWP is used to reflect the refrigerants impact on the global warming. 

The GWP is the ratio of the warming caused by a substance to the warming 

caused by a similar mass of carbon dioxide. Therefore, the GWP of 2CO  is 1.0 

by definition. 

Some examples of GWP are: R12 has a GWP of 11,000, water has a GWP of 

0, R22 has a GWP of 5,310 and R134a has a GWP of 3,830. 

  

  

                                                 
15 SWEP. Available from: http://www.swep.net [Accessed 13 May 2008] 
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Refrigerant types:16 

Refrigerants are divided into groups according to their chemical composition. After 

the discovery that some of these chemical compounds may be harmful to the 

environment, they are being replaced with more environmentally friendly 

refrigerants alternatives. 

 

Next different groups of refrigerants are discussed. 

 

• CFC = ChloroFluoroCarbons 

Cholorofluorocarbons are refrigerants that contain chlorine. 

The CFCs are covered by the Montreal Protocol on Substances that Deplete 

the Ozone Layer. They have been banned since the beginning of the 90’s 

because of their negative environmental impacts.  

Examples of CFCs are: GWP17 ODP 

o R11 Trichlorofluoromethane FCCl3  6,730 1.0 

o R12 Dichlorodifluoromethane 22FCCl  11,000 1.0 

o R115 Chloropentafluoroethane 32CFCClF  5,310 0.6 

 

• HCFC = HydroChloroFluoroCarbons 

Hydrochlorofluorocarbons contain also chlorine therefore contribute also to the 

ozone layer depletion. But they contain less chorine than CFCs, which means 

lower ODP. 

HCFCs were indicated as temporary in the Montreal Protocol (phase-out by 

2004 until 2020, permitted for maintenance purposes until 2030 in the 

developed countries). But phaseout of the HCFCs has been accelerated by the 

European Union. 

Examples of HCFCs are: GWP ODP 

o R22 Chlorodifluoromethane 2CHClF  5,160 0.055 

o R123 Dichlorodifluoromethane 32CFCHCl  273 - 

o R124 3CHClFCF  2,070 0.022 

 

                                                 
16 SWEP. Available from: http://www.swep.net [Accessed 13 May 2008] 
17  Global Warming Potential for given time horizon of 20 years. 
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• HFC = HydroFluoroCarbons 

The hydrofluorocarbons are refrigerants that contain no chlorine and are not 

harmful to the ozone layer (ODP=0). However, their impact on global warming 

is very large compared with traditional refrigerants. 

Examples of some pure HFCs are: GWP ODP 

o R23 Trifluoromethane 3CHF  12,000 0 

o R32 Difluoromethane 22FCH  2,330 0 

o R125 32CFCHF  6,350 0 

o R134a Tetrafluoroethane 32FCFCH  3,830 0 

o R152a Difluoroethane 22CHFCH  437 0 

And some blends of HFCs are: R404A, R407C and R410A. 

 

• FC = FluoroCarbons 

Fluorocarbons contain no chlorine and are not harmful to the ozone layer. 

However, they are extremely stable, and they have a high GWP. 

One example of FC is: GWP ODP 

o R218 Octofluoropropane 83FC  6,310 0 

 

• HC = HydroCarbons 

Hydrocarbons are a very limited solution to the environmental problems 

associated with refrigerants. They are harmless to the ozone layer (ODP=0) 

and have hardly any direct green house effect (GWP<5), but they are highly 

flammable. The use of HCs as refrigerant is confined to Europe, because many 

other countries elsewhere have banned the use of flammable gas in the 

presence of the public. Some examples of HCs are: R600a, isobutene ( 84HC ); 

R290, propane ( 83HC ). 
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• 3NH  = Ammonia 

Ammonia, R717, is an attractive refrigerant alternative. It has been used in 

refrigeration systems since 1840 and in vapour compression since 1860. In 

terms of its properties it should be considered a high class refrigerant. 

Furthermore, its ODP and GWP are 0. However ammonia is very hazardous 

even at low concentrations because the smell often causes panic. 

 

• 2CO  = Carbon Dioxide 

R744, carbon dioxide, has several attractive characteristics: non-flammable, 

does not cause ozone depletion, very low toxicity index, available in large 

quantities, and low cost. However, it also has a low efficiency and a high 

operating pressure. For the two latter reasons, efforts are needed  to improve 

its refrigeration cycle and related technology, particularly heat exchangers and 

expansion devices. 
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Heat pump refrigerants: 

• CFCs, HCFCs and HFCs 

Traditionally the MVC heat pumps have been using the next refrigerants as 

working fluids: 

o CFC R12 for low and medium temperature (max. 80ºC). 

o CFC R114 for high temperature (max. 120ºC). 

o HCFC R22 for low temperature (max. 55ºC)18 

 

But as it has been exposed in the previous section, these refrigerants are 

CFCs and HCFCs and they are harmful to the global environment. Therefore is 

not allowed to use them anymore in heat pump systems. 

 

The CFCs were phased-out in the developed countries by 1996 and in the 

developing countries by 2010. 

 

The HCFCs are being phase-out in the developed countries. The schedule of 

the phase out started on 2004 and will finish on 2020. Although they will be 

permitted for maintenance purposes until 2030. In the developing countries 

they are allowed, but their use will be frozen by 2016 at 2015 levels and 

phased out by 2040.19 

 

However the European Union wants to accelerate the phase-out schedule. And 

also some countries have taken more restrictive phase out schedules.20 

 

Nowadays the most common refrigerants in MVC heat pump systems are the 

HFCs. They can be considered long-term alternative refrigerants since they are 

chlorine free and therefore they do not contribute to ozone depletion. Some 

examples of HFCs are R134a, R152a, R32, R125 and R143a. 

 

                                                 
18 Heat Pump Centre. Available from: http://www.heatpumpcenter.org [Accessed 13 May 2008] 
19 The Alliance for Responsible Atmospheric Policy. Available from: http://www.arap.org/regs/montreal.html [Accessed 
13 May 2008] 
20 The Alliance for Responsible Atmospheric Policy. Available from: http://www.arap.org/regs/euregs.html [Accessed 13 
May 2008] 
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• Blends 

A blend consists of two or more pure refrigerants’ mixture, and can be 

zeotropic, azeotropic or near-azeotropic. Azeotropic mixtures evaporate and 

condensate at a constant temperature, the others over a certain temperature 

range (temperature glide).21 

 

In MVC heat pump systems some types of blends have been used. Early 

blends were used for replace CFCs refrigerants, in concrete for replace R12. 

These blends contained HCFC R22 and other HCFCs or HFCs refrigerants. 

 

A new generation of blends are used nowadays to replace HCFCs. This new 

blends are chlorine free and are mainly made from HFCs and hydrocarbons. 

Some of these blends are for example: R407C (23% HFC R32, 25% HFC 

R125, 52% HFC R134a) and R410A (50% HFC R32, 50% HFC R125). 

 

• Natural refrigerants 

On the one hand the natural refrigerants are generally much more 

environmentally friendly than other types of refrigerants. They have zero or 

near zero ODP and GWP. Therefore they are long-term alternatives to the 

CFCs. 

 

On the other hand natural refrigerants are flammable or toxic. Therefore the 

use of these refrigerants requires specific safety systems. 

 

Examples of natural refrigerants are carbon dioxide ( 2CO ), hydrocarbons, 

ammonia ( 3NH ), air and water. Nowadays there are some research studies 

for improving their use in MVC heat pump systems. 

 

As a conclusion for refrigerants, the selection of it for a heat pump system must be 

done taking into account both the heat pump application parameters and the 

exposed refrigerants requirements. 

 

                                                 
21 Heat Pump Centre. Available from: http://www.heatpumpcenter.org [Accessed 13 May 2008] 
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3.6.5. Cycles 

Until now it has been studied only the one stage thermodynamic simple cycle. But 

a part from this cycle there are some other thermodynamic cycles configurations. 

Some of them are: 

• One stage simple cycle. 

• One stage cycle with subcooler. 

• One stage cycle with internal suction heat exchanger. 

• One stage cycle with economizer. 

• Two stages cycle: 

o With closer intercooler. 

o With open intercooler. 

• Cascade cycle. 

• One stage transcritical cycle: 

 

Next there is a brief explanation of each one of the previous cycles. Also it is 

shown a sketch of each cycle and a Log P-h diagram with a drawing of the 

thermodynamic cycle. 
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One stage simple cycle: 

 

 Figure 3-17: Sketch and Log P-h diagram of a one stage simple cycle. 

 

The one stage simple cycle has been studied already. In this cycle, in the 

condenser the liquid refrigerant is cooled slightly below the saturation temperature 

to ensure that no flash gas is formed before the expansion valve (state ‘3’). The 

level of sub-cooling achieved in a condenser could be between 0.5 to 4 K. 

 

One variation of this cycle is the one stage cycle with sub-cooler 

 

 Figure 3-18: Sketch and Log P-h diagram of a one stage simple cycle with subcooler. 

 
In this cycle, more sub-cooling is achieved with a subcooler (‘3’ to ‘4’). The 

simplest subcoolers use a liquid stream, which can be as the same as for the 

condenser (the heat sink). 

 

More sub-cooling further increases the available cooling capacity by decreasing 

the amount of flash gas formed after the expansion valve (state ‘5’). 
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One stage cycle with internal suction heat exchanger (SHX):  

 

 Figure 3-19: Sketch and Log P-h diagram of a one stage cycle with internal SHX. 

 

In the one stage cycle with suction heat exchanger the hot condensate liquid from 

the condenser (state ‘3’) is utilized to superheat the cold vapour from the 

evaporator (state ‘6’). 

 

The use of a suction heat exchanger has two positive effects. On the one hand a 

higher level of sub-cooling is achieved which increases the cooling capacity, and a 

higher level of superheat is achieved which increases the heating capacity. On the 

other hand, a superheat in the evaporator can be minimized, because the suction 

heat exchanger ensures that no liquid enters the compressor (state ‘1’). 

 

This results in a more efficiently utilized heat surface inside the evaporator, 

allowing a higher evaporation temperature or the use of a smaller heat exchanger 

evaporator. 

 

Because the refrigerant mass flow rate is the same on both sides of the suction 

heat exchanger, the enthalpy decrease of the condensate corresponds exactly to 

the enthalpy increase of the vapour after the evaporator. 
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One stage cycle with economizer: 

 

 Figure 3-20: Sketch and Log P-h diagram of a one stage cycle with economizer. 

 

An economizer is a type of sub-cooler that uses part of the total refrigerant flow 

from the condenser to cool the rest of the refrigerant flow. 

 

In a one stage cycle with economizer, part of the liquid refrigerant  leaving the 

condenser (m.high-m.low) is fed through an expansion valve (‘3’ to ‘4’) and then is 

evaporated (‘4’ to ‘7’) in the economizer using in the other side the rest of liquid 

refrigerant leaving the condenser (m.low) which is sub-cooled (‘8’ to ‘5’). 

 

The evaporated refrigerant then enters the compressor at an intermediate 

pressure level. 

 

The sub-cooling of the main refrigerant flow (m.low) reduces the quality of the inlet 

vapour to the evaporator (state ‘6’), which increases the cooling capacity. 

 

Economizer systems require extra components, such as piping and a compressor 

with an “economizer” entrance. The additional capital expense makes this system 

viable only for large refrigeration systems. 
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Two stages cycle with closer intercooler: 

 

 

 Figure 3-21: Sketch and Log P-h diagram of a two stage cycle with closer intercooler. 

 

A two stages system is a refrigeration system working with a two stages 

compression and mostly also with a two stage expansion. 

 

A two stages cycle with closer intercooler is similar to the economizer system. The 

refrigerant liquid leaving the condenser is split into two streams. The smaller part 

of the liquid (m.high-m.low) is fed through an intermediate expansion valve (‘5’ to 

‘6’) and then allowed to evaporate on one side of the closer intercooler (‘6’ to ‘9’). 

The main flow (m.low) is sub-cooled by leading it through the other side of the 

closer intercooler (‘10’ to ‘7’). The sub-cooled refrigerant liquid leaving the closer 

intercooler is fed through the main expansion valve (‘7’ to ‘8’) and then through the 

main evaporator (‘8’ to ‘1’). 

 

The sub-cooling decreases the inlet vapour quality, which reduces the refrigerant 

mass flow rate through the evaporator and the required low-stage compressor size 

for a giving cooling capacity. 

 

The intermediate refrigerant stream (m.high-m.low) is not completely vaporized 

when leaving the closer intercooler (state ‘9’). The remaining liquid is evaporated 

when it is mixed with the hot discharge gas from the low-stage compressor. This 

results in efficient gas cooling (‘2’ to ‘3’). Thus the discharge gas from the high 

stage compressor can be kept at an acceptable temperature (state ‘4’), and the 

compressor efficiency is increased. 
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Two stages cycle with open intercooler: 

 

 

 Figure 3-22: Sketch and Log P-h diagram of a two stage cycle with open intercooler. 

 

In a two stages cycle with open intercooler an intermediate gas cooling is achieved 

between the two compressor stages. Thus, by cooling the refrigerant vapour after 

the first compressor, the discharge gas leaving the high-stage compressor is kept 

at an acceptable temperature level. The intermediate cooling also increases the 

compressor efficiency, which reduces the compressor power consumption. 

 

The refrigerant liquid leaving the condenser (state ‘5’) is fed through a first 

expansion stage (‘5’ to ‘6’) and is introduced in a deposit. The superheated gas 

leaving the low-stage compressor is also introduced into the deposit (state ‘2’). The 

high stage compressor will then remove the saturated gas (state ‘3’) 

 

The removal of the gas between the expansion stages reduces the quality of the 

refrigerant vapour that enters the evaporator from the state ‘6’’ (which would be the 

vapour quality if only one expansion valve were used) to the state ‘8’. 

 

Due to the lower quality of the vapour which enters to the evaporator (state ‘8’), 

each mass unit of refrigerant passing through the evaporator will be able to absorb 

more heat, reducing the required refrigerant mass flow rate for a given cooling 

capacity. Furthermore the required low stage compressor size is reduced. 
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Cascade cycle: 

 

 

 Figure 3-23: Sketch and Log P-h diagram of a cascade cycle. 

 

The cascade system consists of two separate refrigeration circuits connected only 

by an intermediate cascade heat exchanger. This heat exchanger connects the 

refrigerant circuits thermally by acting simultaneously as an evaporator and a 

condenser. 

 

The high temperature circuit uses the cascade heat exchanger as the system 

evaporator. The low temperature system circuit uses the cascade heat exchanger 

as a condenser. 

 

The primary advantage of a cascade system is that the two stages do not 

necessarily contain the same refrigerants. A refrigerant with a higher vapour 

pressure can be used in the low temperature system, while a refrigerant with a 

lower vapour pressure is suitable for the high temperature system. 
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One stage transcritical cycle: 

 

 

 Figure 3-24: Sketch and Log P-h diagram of a one stage transcritical cycle. 
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3.6.6. Comparison between cycles and refrigerants 

In this section some parameters of a close cycle MVC heat pumps are selected. 

Then, these parameters are calculated for some thermodynamic cycles working 

with some different refrigerants. Finally, a brief explanation of the results obtained 

is exposed for each of the selected parameters.  

 

The selected parameters are (see figure 3-25): 

• Heating coefficient of performance, hpCOP [ ]- . 

• Critical pressure, criticalP [ ]bar . 

• Critical temperature, criticalT [ ]Cº . 

• Specific heating capacity, cq 








kg

kJ
; or condenser enthalpy, condenser∆h 









kg

kJ
. 

• Specific cooling capacity, eq 








kg

kJ
; or evaporator enthalpy, evaporator∆h 









kg

kJ
. 

• Specific power consumption, inw 








kg

kJ
. 

• Refrigerant mass flow rate, rm
⋅








s

kg
. 

• Power consumption, 
⋅

inW [ ]kW .  

• Volume suction flow, 
⋅

sV 








h

m3

. 

 

Figure 3-25: Log P-h diagram with the selected parameters. 
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The selected close cycle MVC heat pump thermodynamic cycles are: 

• One stage simple cycle. 

• One stage cycle with internal suction heat exchanger (with heat exchanger 

efficiency in the suction heat exchanger, SHXη  = 0.35) 

• Two stages cycle with closer intercooler (with heat exchanger efficiency in 

intercooler, rintercooleη  = 0.6) 

• Two stages cycle with open intercooler. 

 

And the selected refrigerants are: 

• CFC R12. 

• HCFC R22. 

• Blend R500 (75% HCFC R22, 25% HFC R152a). 

• HFC R134a. 

• HFC R152a. 

• Blend R407C (23% HFC R32, 25% HFC R125, 52% HFC 134a). 

• HC R290, propane. 

• R717, ammonia. 

 

The selected input data for all the cycles are: 

• Evaporation temperature: eT =34 ºC. 

• Condensing temperature: cT =81 ºC. 

• Heating capacity: cQ
⋅

=5000 kW. 

 

Before starting with the comparison the pressure-enthalpy diagram (Log P-h) for 

each of the selected refrigerants is shown. Also, in the diagrams the one stage 

simple cycle with the selected input data is drawn. 
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• CFC R12. 

 
 Figure 3-26: Log P-h diagram for the CFC R12. 

• HCFC R22. 

 
 Figure 3-27: Log P-h diagram for the HCFC R22. 

• Blend R500 (75% HCFC R22, 25% HFC R152a). 

 

 Figure 3-28: Log P-h diagram for the blend R500. 
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• HFC R134a. 

 
 Figure 3-29: Log P-h diagram for the HFC R134a. 

• HFC R152a. 

 
 Figure 3-30: Log P-h diagram for the HFC R152a. 

• Blend R407C (23% HFC R32, 25% HFC R125, 52% HFC 134a). 

 

 Figure 3-31: Log P-h diagram for the blend R407C. 
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• HC R290, propane. 

 
 Figure 3-32: Log P-h diagram for the HC R290. 

• R717, ammonia. 

 
 Figure 3-33: Log P-h diagram for the R717. 
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Heating coefficient of performance: hpCOP [ ]- . 

Table 3-1: Heating coefficient of performance comparison. 

Refrigerant\Cycle 
One stage 

simple cycle 

One stage 
cycle with 

internal heat 
exchanger  

Two stages 
cycle with 

closer 
intercooler 

Two stages 
cycle with 

open 
intercooler 

CFC R12 5.44 5.61 5.94 6.23 
HCFC R22 5.14 5.21 5.63 5.91 
Blend R500 5.29 5.46 5.80 6.10 
HFC R134a 5.07 5.34 5.67 6.02 
HFC R152a 5.69 5.76 6.13 6.40 
Blend R407C 4.02 3.92 4.73 5.12 
HC R290 4.77 5.19 5.39 5.75 
R717 6.20 5.99 6.56 6.71 

 
The  hpCOP  increases from more simple cycles until more complicated ones. Also 

it is possible to see that there is a big difference between the reached hpCOP  for 

some different refrigerants. The refrigerants with which a higher hpCOP  is reached 

are R717 (ammonia) and HFC R152a. 
 

Critical pressure: criticalP [ ]bar . 

Table 3-2: Critical pressure comparison. 

Refrigerant\Cycle 
One stage 

simple cycle 

One stage 
cycle with 

internal heat 
exchanger  

Two stages 
cycle with 

closer 
intercooler  

Two stages 
cycle with 

open 
intercooler  

CFC R12 23.5 23.5 23.5 23.5 
HCFC R22 37.3 37.3 37.3 37.3 
Blend R500 27.9 27.9 27.9 27.9 
HFC R134a 26.9 26.9 26.9 26.9 
HFC R152a 24.0 24.0 24.1 24.1 
Blend R407C 39.9 39.9 39.9 39.9 
HC R290 32.0 32.0 32.0 32.0 
R717 42.3 42.3 42.3 42.3 

 

The critical pressure for a refrigerant does not change with the cycle. This is 

because the critical pressure is defined by the condensing temperature, and in this 

study all the cycles are working with the same condensing temperature. 

The R717 and the R407C have quite high critical pressure and that could be a 

restriction in heat pump systems because normal maximum pressure can be 30 

bar. Instead, R12, R152a and R134a have an acceptable critical pressure. 
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Critical temperature: criticalT [ ]Cº . 

Table 3-3: Critical temperature comparison. 

Refrigerant\Cycle 
One stage 

simple cycle 

One stage 
cycle with 

internal heat 
exchanger 

Two stages 
cycle with 

closer 
intercooler 

Two stages 
cycle with 

open 
intercooler 

CFC R12 86.7 101.3 84.3 84.3 
HCFC R22 99.4 114.2 90.2 90.2 
Blend R500 88.4 102.7 85.0 85.0 
HFC R134a 85.5 100.1 83.9 83.9 
HFC R152a 95.5 106.1 88.8 88.8 
Blend R407C 95.9 111.7 89.8 89.8 
HC R290 86.7 97.2 84.6 84.6 
R717 126.8 148.8 99.3 99.3 

 

The critical temperature decreases for the two stages cycles. The maximum critical 

temperatures occur in the one stage cycle with internal heat exchanger because in 

this cycle the saturated vapour after the evaporator is superheated. 

The refrigerant with the worst critical temperature is the R717. And the refrigerants 

with good critical temperatures are CFC R12, HFC R134a and HC 290. 

Specific cooling capacity: 








kg

kJ
qe . 

Table 3-4: Specific cooling capacity comparison. 

Refrigerant\Cycle 
One stage 

simple cycle 

One stage 
cycle with 

internal heat 
exchanger  

Two stages 
cycle with 

closer 
intercooler  

Two stages 
cycle with 

open 
intercooler  

CFC R12 99 113 96 96 
HCFC R22 128 145 116 116 
Blend R500 115 133 110 110 
HFC R134a 113 135 110 110 
HFC R152a 215 234 204 204 
Blend R407C 104 119 94 94 
HC R290 208 257 201 201 
R717 1064 1120 965 965 

 

The important thing is only the differences in the specific cooling capacity between 

the refrigerants. The R717 has the best specific cooling capacity. Then the HFC 

R152a and HC R290 have also quite good specific cooling capacity. The rest of 

the refrigerants have a poor specific cooling capacity. 
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Specific heating capacity: 








kg

kJ
qc . 

Table 3-5: Specific heating capacity comparison. 

Refrigerant\Cycle 
One stage 

simple cycle 

One stage 
cycle with 

internal heat 
exchanger  

Two stages 
cycle with 

closer 
intercooler  

Two stages 
cycle with 

open 
intercooler  

CFC R12 80 93 96 106 
HCFC R22 103 118 125 139 
Blend R500 93 108 112 126 
HFC R134a 91 110 114 130 
HFC R152a 177 194 206 226 
Blend R407C 78 88 114 138 
HC R290 165 207 213 246 
R717 892 933 962 1008 

The specific heating capacity increases in the more efficient cycles.  

About the differences in the specific heating capacity for the different studied 

refrigerants, there are the same differences as for the specific cooling capacity. 

Specific power consumption: 








kg

kJ
w in . 

Table 3-6: Specific power consumption comparison. 

Two stages cycle with 
closer intercooler  

Two stages cycle with 
open intercooler  Refrigerant \ 

Cycle 

One stage 
simple 
cycle 

One stage 
cycle with 
internal 

heat 
exchanger  Low stage 

High 
stage Low stage 

High 
stage 

CFC R12 18.1 20.1 10.3 7.6 10.3 7.6 
HCFC R22 24.9 27.9 14.0 9.9 14.0 9.9 
Blend R500 21.7 24.3 12.4 8.9 12.4 8.9 
HFC R134a 22.3 25.3 12.9 9.2 12.9 9.2 
HFC R152a 37.9 40.6 21.4 15.6 21.4 15.6 
Blend R407C 25.9 30.3 14.8 10.2 14.8 10.2 
HC R290 43.6 49.4 25.2 18.0 25.2 18.0 
R717 171.7 186.8 92.4 68.6 92.4 68.6 

 

The total specific power consumption is more and less equal in all the cycles, only 

for the one stage cycle with internal heat exchanger it is a little higher. 

The specific power consumption for the R717 is very high. For the HC 290 and 

HFC R152a, it is much more lower than for the R717, but a little higher than for the 

rest of refrigerants. 
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Refrigerant mass flow rate: 
⋅

rm 






s

kg
. 

Table 3-7: Refrigerant mass flow rate comparison. 

Two stages cycle with 
closer intercooler  

Two stages cycle with 
open intercooler  Refrigerant \ 

Cycle 

One stage 
simple 
cycle 

One stage 
cycle with 
internal 

heat 
exchanger  Low stage 

High 
stage 

Low stage 
High 
stage 

CFC R12 50.8 44.3 43.3 52.1 39.4 52.1 
HCFC R22 39.1 34.4 32.9 43.2 29.8 43.2 
Blend R500 43.6 37.7 36.8 45.5 33.3 45.5 
HFC R134a 44.2 37.0 36.1 45.4 32.2 45.4 
HFC R152a 23.2 21.3 20.3 24.5 18.7 24.5 
Blend R407C 48.0 42.1 34.6 53.4 29.1 53.4 
HC R290 24.0 19.4 19.1 24.9 16.8 24.9 
R717 4.7 4.5 4.4 5.2 4.2 5.2 

 

The R717 has the lowest mass flow rate because of its higher specific heating 

capacity. The HC R290 and the HFC R152a have also not too high mass flow rate. 

And the rest of refrigerants have quite large mass flow rate. 

About the cycles, the refrigerant mass flow rate decreases a little bit for the more 

efficient cycles because of its higher specific heating capacity. 

 

Power consumption: 
⋅

inW [ ]kW .  

Table 3-8: Power consumption comparison. 

Two stages cycle with 
closer intercooler  

Two stages cycle with 
open intercooler  Refrigerant \ 

Cycle 

One stage 
simple 
cycle 

One stage 
cycle with 
internal 

heat 
exchanger  Low stage+high stage Low stage+high stage 

CFC R12 918.6 891.1 840.0 801.6 
HCFC R22 972.7 958.4 887.4 845.3 
Blend R500 945.5 915.6 860.5 819.2 
HFC R134a 985.2 936.7 881.4 831.1 
HFC R152a 879.1 866.6 814.9 781.2 
Blend R407C 1242.1 1274.8 1055.4 975.9 
HC R290 1046.4 958.4 927.0 869.7 
R717 807.0 833.1 761.3 744.7 

 

The higher is the hpCOP  the lower is the power consumption. 
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Volume suction flow: 
⋅

sV 








h

m3

. 

Table 3-9: Volume suction flow comparison. 

Two stages cycle with 
closer intercooler  

Two stages cycle with 
open intercooler  Refrigerant \ 

Cycle 

One stage 
simple 
cycle 

One stage 
cycle with 
internal 

heat 
exchanger  Low stage 

High 
stage 

Low stage 
High 
stage 

CFC R12 3855.0 3365.8 3287.5 2134.8 2994.3 2134.8 
HCFC R22 2488.3 2192.0 2098.3 1430.8 1900.1 1430.8 
Blend R500 3345.5 2893.9 2820.3 1850.1 2553.4 1850.1 
HFC R134a 3741.0 3131.0 3052.4 1911.4 2719.9 1911.4 
HFC R152a 3510.9 3225.1 3064.8 1901.4 2825.9 1897.8 
Blend R407C 3112.3 2728.1 2238.8 1673.4 1888.3 1673.4 
HC R290 3283.2 2747.5 2639.0 1844.4 2323.8 1844.4 
R717 1675.1 1589.5 1568.2 939.9 1504.0 939.9 

 

The refrigerant which has the lowest volume suction flow is the R717. After that, 

the R22 has a higher volume suction flow than the R717. And the rest of 

refrigerants have higher volume suction flow.  With the volume suction flow it is 

possible to know how big the compressor must be. 
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3.6.7. Other parameters 

Until now it has been explained just the one stage simple cycle in its ideal 

configuration. Next, in this section are studied the effects in the ideal one stage 

simple cycle when taking into account some parameters.  

 

The parameters taken into account are: 

• Superheat after the evaporator. 

• Subcooling after the condenser. 

• Pressure drop in the evaporator. 

• Pressure drop in the suction line. 

• Pressure drop in the discharge line 

• Pressure drop in the condenser. 

• Pressure drop in the liquid line. 

• Isentropic efficiency of the compressor. 

• Heat losses in the compressor. 

 

In order to understand what are each of the previous parameters and how the ideal 

one stage simple cycle is modified, the ideal one stage simple cycle is compared 

with the one stage simple cycle adding one of the previous parameters. 

 

 

Therefore both cycles are calculated with the next input data: 

• Refrigerant type: R134a. 

• Evaporation temperature: eT =34 ºC. 

• Condensing temperature: cT =81 ºC. 

• Heating capacity: cQ
⋅

=5000 kW. 
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And the following results are shown for both cycles: 

• The pressure-enthalpy diagram: Log P-h diagram. 

• The heating coefficient of performance: hpCOP [ ]- . 

• The specific cooling capacity: eq 








kg

kJ

. 

• The specific heating capacity: cq 








kg

kJ

. 

• The specific power consumption: inw 








kg

kJ

. 

• Refrigerant mass flow rate: rm
⋅ 






s

kg

. 
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Superheat after the evaporator: SHT∆ [ ]K . 

Superheat after the evaporator means that the saturated gas which goes out from 

the evaporator is heated until a temperature higher than its saturation gas 

temperature. 

 

 

Figure 3-34: Log P-h diagrams without and with SHT∆  = 5 K. 

 

 Table 3-10: Parameters of the one stage simple cycle without and with SHT∆  = 5 K. 

Cycle\Parameters [ ]- COPhp  









kg

kJ
w in  









kg

kJ
qe  









kg

kJ
qc  




⋅

s

kg
 mr  

Ideal 5.08 22.28 90.78 113.07 44.22 

SHT∆ = 5 K 5.16 23.20 96.40 119.60 41.81 

Due to the superheat the specific cooling capacity increases. Indirectly the specific 

power consumption increases and also the specific heating capacity. This means 

that for reaching the desired heating capacity of 5000 kW less refrigerant flow rate 

is needed. The heat pump COP increases. 
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Subcooling after the condenser: SCT∆ [ ]K . 

Subcooling consists in decrease the temperature of the refrigerant after the 

condenser until a temperature lower than its saturation liquid temperature. 

 

 

Figure 3-35: Log P-h diagrams without and with SCT∆  = 3 K. 

 

 Table 3-11: Parameters of the one stage simple cycle without and with SCT∆  = 3 K. 

Cycle\Parameters [ ]- COPhp  









kg

kJ
w in  









kg

kJ
qe  









kg

kJ
qc  




⋅

s

kg
 mr  

Ideal 5.08 22.28 90.78 113.07 44.22 

SCT∆ = 3 K 5.33 22.28 96.56 118.84 42.07 

 

Due to subcooling the specific heating capacity increases. This means that for 

reaching the wanted heating capacity of 5000 kW less refrigerant mass flow rate is 

needed. Indirectly, the specific cooling capacity increases. The heat pump COP 

increases. 
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Pressure drop in the evaporator: evaporator∆P [ ] [ ]baror  K . 

It is the decrease in the refrigerant pressure when it passes through the evaporator. 

 

 

Figure 3-36: Log P-h diagrams without and with evaporator∆P =0.75 bar. 

 

 Table 3-12: Parameters of the one stage simple cycle without and with evaporator∆P =0.75 bar. 

Cycle\Parameters [ ]- COPhp  









kg

kJ
w in  









kg

kJ
qe  









kg

kJ
qc  




⋅

s

kg
 mr  

Ideal 5.08 22.28 90.78 113.07 44.22 

evaporator∆P  = 0.75 bar 5.08 22.28 90.78 113.07 44.22 

Due to take into account a pressure drop in the evaporator nothing in the 

thermodynamic cycle changes. Only the selection of the evaporator and the 

pressure difference in the expansion valve would be affected. 
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Pressure drop in the suction line: line suction∆P [ ] [ ]baror  K . 

It is the decrease in the refrigerant pressure along the pipes after the refrigerant 

leaves the evaporator and before it enters the compressor. 

 

 

Figure 3-37: Log P-h diagrams without and with line suction∆P =0.7 bar. 

 

 Table 3-13: Parameters of the one stage simple cycle without and with line suction∆P =0.7 bar. 

Cycle\Parameters [ ]- COPhp  









kg

kJ
w in  









kg

kJ
qe  









kg

kJ
qc  




⋅

s

kg
 mr  

Ideal 5.08 22.28 90.78 113.07 44.22 

line suction∆P = 0.7 bar 4.73 24.31 90.78 115.10 43.44 

Due to the pressure drop in the suction line the specific power consumption 

increases. Indirectly the specific heating capacity is increased, which means that 

the needed refrigerant mass flow rate for reach the heating capacity of 5000 kW 

would be less. 
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The heat pump COP decreases. 

Pressure drop in the discharge line: line discharge∆P [ ] [ ]baror  K . 

It is the decrease in the refrigerant pressure along the pipes after the refrigerant 

lives the compressor and before it enters to the evaporator. 

 

 

Figure 3-38: Log P-h diagrams without and with line discharge∆P =1.8 bar. 

 

Table 3-14: Parameters of the one stage simple cycle without and with line discharge∆P =1.8 bar. 

Cycle\Parameters [ ]- COPhp  









kg

kJ
w in  









kg

kJ
qe  









kg

kJ
qc  




⋅

s

kg
 mr  

Ideal 5.08 22.28 90.78 113.07 44.22 

line discharge∆P = 1.8 bar 4.88 23.42 90.78 114.21 43.78 

A pressure drop in the discharge line affects to the thermodynamic cycle in the 

same way as the pressure drop in the suction line, but it affects less. 
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Pressure drop in the condenser: condenser∆P [ ] [ ]baror  K . 

It is the decrease in the refrigerant pressure when it passes through the condenser. 

 

 

Figure 3-39: Log P-h diagrams without and with condenser∆P =1.7 bar. 

 

Table 3-15: Parameters of the one stage simple cycle without and with condenser∆P =1.7 bar. 

Cycle\Parameters [ ]- COPhp  









kg

kJ
w in  









kg

kJ
qe  









kg

kJ
qc  




⋅

s

kg
 mr  

Ideal 5.08 22.28 90.78 113.07 44.22 

condenser∆P  = 1.7 bar 5.33 22.28 96.56 118.84 42.07 

Due to a pressure drop in the condenser the specific heating capacity increases. 

This means less refrigerant mass flow rate for reaching the desired heating 

capacity. The cooling capacity increases and the specific power consumption 

remain constant. The heat pump COP increases. 
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Pressure drop in the liquid line: line liquid∆P [ ] [ ]baror  K . 

It is the decrease in the refrigerant pressure along the pipes after the refrigerant 

leaves the evaporator and before it enters to the condenser, without taking into 

account the created pressure drop in the expansion valve. 

 

 

Figure 3-40: Log P-h diagrams without and with line liquid∆P =1.7 bar. 

 

Table 3-16: Parameters of the one stage simple cycle without and with line liquid∆P =1.7 bar. 

Cycle\Parameters [ ]- COPhp  









kg

kJ
w in  









kg

kJ
qe  









kg

kJ
qc  




⋅

s

kg
 mr  

Ideal 5.08 22.28 90.78 113.07 44.22 

line liquid∆P  = 1.7 bar 5.08 22.28 90.78 113.07 44.22 

The pressure drop in the liquid line does not affect the thermodynamic cycle. It 

only has an effect in the necessary pressure difference in the expansion valve. 
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Isentropic efficiency of the compressor: ISη [ ]- . 

It has been already defined in the part 3.6.3. 

 

 

 

Figure 3-41: Log P-h diagrams without and with ISη =0.7. 

 

Table 3-17: Parameters of the one stage simple cycle without and with ISη =0.7. 

Cycle\Parameters [ ]- COPhp  









kg

kJ
w in  









kg

kJ
qe  









kg

kJ
qc  




⋅

s

kg
 mr  

Ideal 5.08 22.28 90.78 113.07 44.22 

ISη  = 0.7 3.85 31.83 90.78 122.62 40.78 
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The isentropic efficiency is the parameter which affects more the thermodynamic 

cycle. The specific power consumption increases a lot while the specific cooling 

capacity remains constant. The specific heating capacity increases and then the 

refrigerant mass flow rate for reaching the needed heating capacity decreases. 

 

The heat pump COP decreases a lot due to the high percentage of increment in 

the specific power consumption compared with the small percentage of increment 

in the specific heating capacity. 

 

Heat losses in the compressor: 
⋅

lossQ [ ]kW , or heat loss factor: Gf [ ]% . 

It is the heat loss of the compressor to the surroundings. 

 

 

Figure 3-42: Log P-h diagrams without and with 
⋅

lossQ , Gf =6%. 
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Table 3-18: Parameters of the one stage simple cycle without and with
⋅

lossQ , Gf =6%. 

Cycle\Parameters [ ]- COPhp  









kg

kJ
w in  









kg

kJ
qe  









kg

kJ
qc  




⋅

s

kg
 mr  

Ideal 5.08 22.28 90.78 113.07 44.22 

Gf  = 6 % 5.02 22.28 90.78 111.73 44.74 

Due to the heat losses in the compressor not all of the power consumption is 

absorbed by the refrigerant. For that reason the specific power consumption 

remains constant. But the specific heating capacity decreases a little bit and then 

the refrigerant mass flow rate increases a little bit. The heat pump COP decreases. 

 

 

Finally, taking into account all the studied parameters in this section, it is possible 

to see the differences between the ideal cycle and the real cycle in the next figures: 

 

 

Figure 3-43: Log P-h diagrams without and with taken into account all the parameters. 
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Table 3-19: Parameters of the one stage simple cycle taken into account all the parameters. 

Cycle\Parameters [ ]- COPhp  









kg

kJ
w in  









kg

kJ
qe  









kg

kJ
qc  




⋅

s

kg
 mr  

Ideal 5.08 22.28 90.78 113.07 44.22 

Real 3.85 37.88 107.76 143.36 34.88 

 

On the one hand, you can see that in a real one stage simple cycle the specific 

power consumption increases in percentage a lot compare with the specific power 

consumption of the ideal one stage simple cycle. 

 

On the other hand, the specific heating capacity increases quite a lot in percentage 

and that means less refrigerant mass flow rate. The specific cooling capacity 

increases a little bit too. 

 

The result is that the heat pump COP in a real one stage simple cycle decreases 

quite a lot compare with the heat pump COP of an ideal one stage simple cycle. 

 

It is necessary to say that these parameters affect more or less depending on the 

values of the input data: refrigerant type, evaporation temperature ( eT ), 

condensing temperature ( cT ) and heating capacity (
cQ

⋅ ). 

 

Moreover, it is possible to say that the effect of all these parameters in the other 

MVC heat pumps cycles is the same. The difference is just how much the 

parameters affect them. 
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4. HEAT PUMP PRACTICAL STUDY 

As it has been defined in the part 2 of the project (Aim, methodology and delimitations), 

the practical aim of the project is to analyse the possible use of a heat pump to transfer 

heat from the steel plant to the future DH system within the industrial area of Sandvik AB. 

Furthermore, as it has been explained in the part 1 of the project (Introduction), the future 

DH system will replace partly the actual steam system for heating the buildings; and 

maybe in the future it will replace it completely. 

 

Therefore, taking into account the previous things, in this part not only the possible use of 

a heat pump to transfer heat from the steel plant to the future DH system is studied, but 

also it is compared with the present heating system. The objective is to see which could 

be the benefits and drawbacks of the future DH system. 

 
In order to do that, next are defined the system and subsystems boundaries taken into 

account to do the analyse. After that, the present heating system is briefly studied. Later 

the possible use of a heat pump system to transfer heat from the steel plant to the future 

DH system is studied. And finally the results of the heat pump system are exposed and 

then both systems, the actual heating system and the future DH system, are compared. 
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4.1. SYSTEM BOUNDARY 

The boundary of the system is constituted by the limits of the Sandviken industrial 

area of Sandvik AB, as it is shown in the figure 4-1. 

 
Figure 4-1: System boundary. 

 
And the boundary of the subsystems taken into account are the next ones (see figure 

4-2). 

 
Figure 4-2: Subsystems boundaries. 
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4.2. SYSTEM DEFINITION 

First of all the present heating system within the industrial area is defined and some 

real data are given for this system. And next the future DH system and the heat pump 

system are defined. 

 

4.2.1. Present heating system: 

The present heating system uses electrical boilers and oil boilers to produce steam, 

which is delivered to each building using a steam network within the industrial area 

(see figure 4-3). Also some exhaust hot gases from industrial processes are used. 

Then, in each building there is a heat exchanger in which heat is transferred from 

the steam delivered by the steam network to the water heating system and tap hot 

water system. 

 

 

Figure 4-3: Present heating system. 
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The oil boilers: 

The oil boilers use Eo5 oil to produce steam. Previous studies by SMT have 

determined that the efficiency of the oil boilers is 83% (see figure 4-4). 

 

 
Figure 4-4: Oil boilers system. A flow rate of Eo5 oil is supplied to the 

oil boilers ( supply Eo5c
⋅

). The Eo5 oil is burned into the oil boilers and 

steam is produced with and efficiency of 83% ( 0.83ηo.b = ). Finally, 

heat is delivered in form of steam to the steam network ( o.b. deliveredQ
⋅

).  

 
As an example, in 2007 5576 3m  of Eo5 oil were used in the oil boilers (equivalent 

to 59 000 MWh) and the energy delivered by the oil boilers to the steam network 

was 48 970 MWh. 
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Electrical boilers: 

The electrical boilers use electricity to produce steam and they have an efficiency 

of 92% (see figure 4-5). 

 

Figure 4-5: Electrical boilers system. Power is supplied to the 

electrical boilers ( e.b.supply W
⋅

) and steam is produced with an 

efficiency of 92% ( e.b.η ). Finally, heat is delivered from the electrical 

boilers to the steam network ( e.b. deliveredQ
⋅

). 

 
As an example, in 2007 the energy supplied to the electrical boilers was 118889 

MWh and therefore the energy delivered by the electrical boilers to the steam 

network was 109378 MWh. 
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4.2.2. Future heating system: 

SMT is planning to use the waste energy from the cooling system of the existing 

steel plant within the industrial area to use it in a district heating (DH) network. To 

“move” the waste heat from the cooling cycle of the steel plant to the district 

heating network Sandvik is planning to use a heat pump (HP) system. In that case, 

the objective of the HP system is not only to “move” the waste heat and increase 

its temperature, but also to fulfil the cooling demand of the steel plant. 

 

This future heating system will not replace the present heating system, at least in a 

first step, but it will decrease the energy use in the present system. Because the 

objective is that the energy delivered by the HP system to the DH network will be 

cheaper than the energy delivered by the present heating system. In addition the 

future DH network will have less heat losses than the present steam network. 

Therefore it is expected that the present use of energy in the heating system will 

decrease. 

 

Furthermore it is planned to interconnect the DH network within the industrial area 

with the municipal DH network, to enable heat exchange especially during 

summertime when the industrial heat consume is low but the steel plant needs 

cooling. 

 

Figure 4-6: Future heating system. 
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Heat pump system: 

A simple representation of the heat pump (HP) system will be like it is shown in the 

next figure: 

 

 

Figure 4-7: Simple sketch of the future heat pump system. On the one hand, water come from the 

tank (state ‘CS’) and passes through the processes inside the steel plant, cooling down them and 

therefore absorbing energy increasing the temperature of the water (state ‘CR’); then the water 

returns to the tank. The tank works like a buffer tank, its objective is to absorb the variations 

between the cooling demand and the cooling capacity of the HP, and then supply water at a 

constant temperature to the evaporator of the HP. On the other hand, water from the tank (state 

‘TS’) enters the evaporator of the HP. Heat is transferred from the water to the refrigerant, cooling 

down the water (state ‘TR’). Here is important that the cooling capacity of the HP must be equal or 

similar to the average cooling demand. Then, the HP “moves” the heat from the evaporator to the 

condenser consuming some electrical power. In the condenser the heat is transferred from the 

refrigerant to the water of the district heating network. And finally the heat is delivered from the 

district heating network to the buildings, satisfying the heating demand. 
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4.3. HEAT PUMP SYSTEM PARAMETERS 

In this section each of the parameters of the HP system are explained. First the 

parameters that refer to the steel plant-buffer tank are described, after that the 

parameters that refer to the buffer tank-heat pump, later the parameters that refer to 

the heat pump-district heating network and finally the parameters that refer to the 

district heating network-buildings. 

 

Steel Plant-Buffer Tank parameters: 

As it has been explained, in the steel plant there are some processes which need to 

be cooled. This means that there is a cooling demand which must be satisfied. To fulfil 

the cooling demand, water from the buffer tank circulates through the processes 

cooling them down increasing its temperature. Finally the water returns to the buffer 

tank (see figure 4-8). 

 

 

Figure 4-8: Steel Plant-Buffer tank system. 
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• Cooling demand: cdQ
⋅








s

kJ
 

 

The cooling demand is not constant along the time. One cycle of the cooling 

demand has the next parameters: 

o Cycle time = 17 min. 

o Peak cooling demand = 20 MW. 

o Average cooling demand = 5 MW. 

 

In the next figure one approximation of one cooling demand cycle is shown. 
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Figure 4-9: One cycle of the cooling demand. As it is possible to see, during 

most of the time of one cycle of the cooling demand, the value of the cooling 

demand is smaller than the average cooling demand (5 MW). In addition, 

during few minutes (2 or 3 minutes) the value of the cooling demand is very 

large and the maximum is around 20 MW. 
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• Water flow rate of the cooling system: 
⋅

cc 








h

m3

 

The water flow rate of the cooling system must be constant and with a value of 

2000 
h

m3

. 

 

• Water supply temperature to the cooling system: csT  

 
The temperature of the supplied water from the tank to the cooling system is 

assumed to be at the same temperature of the tank water. 

csT = tT  

Sandvik Materials Technology (SMT) wants to have an average of water supply 

temperature of 40ºC. 

csT =40ºC 

 

• Tank volume: tV [ ]3m  

The volume of the buffer tank that SMT wants to build will be 750 3m . 

 

 

• Water tank temperature: tT [ ]Cº  

The temperature of the water inside the buffer tank is wanted to be near constant 

at a 40º C. 

 

 

• Water return temperature from the cooling system: crT [ ]Cº  

If it is assumed that the kinetic and potential energies are negligible and that there 

are no heat losses within the cooling cycle of the steel plant, the temperature of the 

return water in the cooling system just will change with the cooling demand and the 

water supply temperature from the tank to the cooling system. 

crT = cs

pc

cd T
cρc

Q +
⋅⋅

⋅

⋅
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Buffer Tank-Heat Pump parameters: 

The buffer tank will supply water to the evaporator of the heat pump. The water will 

decrease its temperature in the evaporator transferring energy to the refrigerant. And 

after that, the water from the outlet of the evaporator will return to the buffer tank (see 

figure 4-10). 

 

 

Figure 4-10: Buffer tank-Heat pump system. 

 

• Cooling capacity: eQ
⋅








s

kJ
 

The cooling capacity of the heat pump must be equal to the average of the cooling 

demand, it is: 

eQ
⋅

=5 MW 

 

• Tank supply water temperature to the heat pump: tsT [ ]Cº  

The temperature of the water supply from the tank to the heat pump will be the 

same temperature as the temperature of the water inside the tank: 

 

tsT = tT  



 
4  Heat pump practical study 

100 

• Water flow rate from the tank to the HP: 
⋅

tc 








h

m3

 

The water flow rate from the tank to the evaporator is assumed to be 1200
h

m3

: 

⋅

tc =1200
h

m3

 

 

• Tank return water temperature from the heat pump: trT [ ]Cº  

If it is assumed that the kinetic and potential energies are negligible and that there 

are no heat losses within the cycle, the temperature of the return water from the 

evaporator of the heat pump to the tank is defined with the tsT  and the eQ
⋅

, and it 

is: 

pt

e
tstr

cρc

Q
TT

⋅⋅
−= ⋅

⋅
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Heat Pump-District Heating Network parameters: 

The heat pump (HP) will deliver heat to the district heating (DH) network (see figure 4-

11). For designing and calculating the HP it is necessary to know the parameters of 

the future DH network. 

 

Figure 4-11: Heat Pump-District Heating Network system. 

 

Next there is a brief explanation of the parameters of the future district heating network. 

 

 

• District heating supply water temperature: dsT [ ]Cº  

The temperature of the water supply from the outlet of the condenser to the district 

heating network must be the one which will provide the best heating coefficient of 

performance of the heat pump. But SMT wants to have as higher temperature as 

possible between the range of 80 ºC and 90 ºC. 

 

• Water flow rate of the district heating network: 

⋅

dc









h

m3

 

The water flow rate supplied to the district heating network will be determined by 

the heat pump design. 
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• District heating return water temperature: drT [ ]Cº  

Nowadays SMT has few buildings connected to the district heating network of 

Sandviken. Therefore, the data of the existing district heating network for 2006 has 

been used to design and calculate the heat pump. 

 

2006 
Average temperature ºC ( drT ) 

Month Outside temperature Supply temperature Return temperature 
Januari -3.5 89.5 51.4 
Februari -3.6 89.5 51.1 
March -5.2 91.7 51.9 
April 3.4 82.0 47.2 
May 9.7 79.9 48.0 
June 16.1 79.9 52.6 
July 19.2 79.9 57.4 
August 17.6 80.0 56.3 
September 13.6 80.0 51.5 
October 7.6 80.5 48.3 
November 2.5 82.6 50.3 
December 3.4 81.5 49.7 

Figure 4-12: Data of the existing district heating network within the industrial area. 

 

 



 
  Heat pump practical study  4 

  103 

District Heating Network-Buildings parameters: 

The energy transferred from the heat pump to the district heating network will be 

transferred to some buildings within the industrial area for heating the buildings and 

supply tap hot water (see figure 4-13). The excess of heat will be delivered to the 

district heating network of Sandviken.  

 

Figure 4-13: District Heating Network-Buildings system. 

 

The heat delivered will be determined by the heating capacity of the heat pump, which 

is calculated within two sections. First, in the next section, a simulation of the buffer 

tank is done to see how the temperature inside it will change. To end this section, a 

summary of the heat pump system parameters to take into account in the design and 

calculation of the heat pump is given (see figure 4-14). 

 

Figure 4-14: Summary of the heat pump system parameters to take into account for the HP design.
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4.4. BUFFER TANK SIMULATION 

The objective of the buffer tank is to allow differences along the time between the 

cooling demand and the cooling capacity, achieving a near constant temperature 

along the time inside the tank. 

 

Why is it necessary in the heat pump system? It is necessary for two reasons. First, 

because SMT wants a near constant water supply temperature for the cooling cycle of 

the steel plant at about 40 ºC. And second, because a heat pump needs a near 

constant temperature along the time in the inlet water temperature to the evaporator. 

 

The system and the control volume boundary are shown in the next figure: 

 

 

Figure 4-15: Tank system and CV boundary. 
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The input data for the simulation are the next parameters: 

• The initial assumed temperature inside the tank: tT =40 ºC. 

• The volume of the tank: tV = 750 3m . 

• The cooling capacity: eQ
⋅

=5000 kW. 

• The water flow rate of the cooling cycle of the steel plant: 
⋅

cc = 2000
h

m3

. 

• The water flow rate from the tank to the evaporator of the HP: 
⋅

tc =1200
h

m3

. 

• The data of one cycle of the cooling demand ( cdQ
⋅

). 
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Figure 4-16: One cycle of the cooling demand. 
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The equations for the simulation are the below ones, assuming that the kinetic and 

potential energies are negligible and that there are no heat losses in the system. Also 

it is assumed that the density (ρ ) and the specific heat ( pc ) are constant along the 

time and they are calculated at a temperature of 40 ºC and a pressure of 300 kPa 

(ρ=992.3 
3m

kg
; pc =4.182 

Kkg

kJ

⋅
). 

csT = tT  

cs

pc

cd
cr T

cρc

Q
T +

⋅⋅
= ⋅

⋅

 

tsT = tT  

pt

e
tstr

cρc

Q
TT

⋅⋅
−= ⋅

⋅

 








 ⋅−⋅+⋅−⋅⋅⋅=
⋅⋅⋅⋅⋅

csctrttstcrcpt TcTcTcTccρE∆  

 

One step of the simulation is done as is shown in the below equations: 

 

icsT =
it

T  

i

i

i cs

pc

cd
cr T

cρc

Q
T +

⋅⋅
= ⋅

⋅

 

itsT =
it

T  

pt

e
tstr

cρc

Q
TT

ii

⋅⋅
−= ⋅

⋅

 








 ⋅−⋅+⋅−⋅⋅⋅=
⋅⋅⋅⋅⋅

iiiii csctrttstcrcpt TcTcTcTccρE∆  

pt

t

tt cρV

E∆
TT i

i1i ⋅⋅
+=

⋅

+
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The results of the simulation are: 

• Water temperature inside the tank: 
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Figure 4-17: Water temperature inside the tank. 

 

As it is possible to see in the above figure, the water temperature inside the tank 

will be near constant along the time. Therefore the buffer tank is fulfilling its 

objective. 

 

• The water supply temperature to the cooling cycle of the steel mill will be the same 

as the water temperature inside the tank: csT = tT . 

 

• The water supply temperature to the evaporator of the heat pump will be the same 

as the water temperature inside the tank: tsT = tT  
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• The water return temperature from the cooling cycle of the steel plant to the tank: 
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Figure 4-18: Water return temperature from the cooling cycle to the tank. 

 

• The water return temperature from the outlet of the evaporator to the tank: 
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Figure 4-19: Water return temperature from the evaporator to the tank. 
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• The energy variation inside the tank along the time will be: 
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Figure 4-20: Energy variation inside the tank. 

 

But, what happens to the water temperature inside the tank for, as example, three 

cycles of the cooling demand? 
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Figure 4-21: Water temperature inside the tank along three cycles of the cooling demand. 
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One interesting thing is to see what happens with the maximum and the minimum 

temperature inside the tank if the volume of the tank is changed. 
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Figure 4-22: Maximum (red curve) and minimum (blue curve) water temperatures 

inside the tank for a given tank volume. The maximum difference from the required 

temperature (40 ºC) with a volume of 50 3m  is 0.09 ºC and with a volume of 750 3m  

is 0.006 ºC. 

 
As a conclusion it is possible to say that maybe it is not necessary to build a tank of 

750 3m . And that is possible to save money and space building a tank of, for example, 

300 3m . But well, the volume of the tank will also depend on fluid dynamics aspects, 

because in the simulation it has not been taken into account how the inlet streams are 

mixed with the water inside the tank. Furthermore, it is necessary to design the inlets 

and outlets of the streams within the tank in a proper way to achieve a near constant 

water temperature along the time in the outlet streams. 
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4.5. HEAT PUMP CALCULATION 

When an existing heat pump is studied there are some parameters which define it 

near completely. These main parameters are: 

• Type of heat pump. 

• Type of thermodynamic cycle. 

• Type of refrigerant. 

• Type of heat source: inlet and outlet temperatures and flow rate. 

• Type of heat sink: inlet and outlet temperatures and flow rate. 

• Evaporation temperature. 

• Condensing temperature. 

• Cooling capacity. 

• Heating capacity. 

• Power consumption. 

• Isentropic efficiency of the compressor. 

• Efficiency of the electrical motor. 

• Heating coefficient of performance. 

 

When a new heat pump is calculated the above parameters are divided into three 

groups: 

• The input parameters: they can be parameters imposed by external conditions, 

parameters that are possible to know by previous calculations or parameters that 

the designer of the heat pump chooses using his knowledge. 

• The independent parameters: these are free parameters which can take different 

values. The objective is to find a combination of values for these parameters which 

achieves the optimal solution for the concrete application. 

• The output parameters: they are the result parameters of the calculation. With 

these parameters it is necessary to decide if the calculate heat pump fulfil the 

expected objectives. 

 

In the next section it is explained what is the objective of the calculated heat pump. 

And within two sections it is presented, for the calculated heat pump, how the 

parameters into the above three groups of parameters have been arranged. 
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4.5.1. Objective of the heat pump 

The objectives of the calculated heat pump are multiple, they are: 

• Increase the energy efficiency within the industrial area using the waste heat 

from the cooling cycle of the steel plant for a useful purpose, in concrete for a 

DH system. 

• Decrease the environmental impact decreasing the use of energy in other 

system, in concrete in the electrical boilers of the present heating system. 

• Achieve a robust way to fulfil the cooling demand of the steel plant. 

• And finally, achieve the necessary economical savings which allow the 

necessary investment of the heat pump. 

 

4.5.2. Parameters of the heat pump calculation 

The parameters of the planned heat pump are divided into the three groups of 

parameters as it is shown next: 

 

Input parameters: 

• Type of heat pump. 

• Type of thermodynamic cycle. 

• Type of refrigerant. 

• Type of heat source: inlet and outlet temperatures and flow rate. 

• Type of heat sink: inlet and outlet temperatures. 

• Evaporation temperature. 

• Cooling capacity. 

• Isentropic efficiency of the compressor. 

• Efficiency of the electrical motor. 

 

Independent parameters: 

• Condensing temperature. 

• Intermediate temperature. 
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Output parameters: 

• Heating coefficient of performance. 

• Heating capacity. 

• Power consumption. 

• Heat sink: outlet temperature and flow rate. 

  

However, to analyse if the heat pump system fulfils all the objectives it is 

necessary to calculate other output parameters, they are: 

• Economical savings potential. 

• Emissions savings potential. 

• Energy savings potential. 

• Payback. 

• Delivered energy price. 

 

 

4.5.3. Definition of the input parameters 

In this section all the parameters are defined: how they have been calculated or 

chosen, as well as the assumptions done. 

 

Input parameters: 

 

• Type of heat pump: the chosen type of heat pump is a close-cycle MVC heat 

pump. It has been chosen because it is the appropriate heat pump for the 

application that SMT wants. 

 

• Type of thermodynamic cycle: after the study done in the part 3.6.5. (Types of 

thermodynamic cycles of close-cycle MVC heat pumps) and in the part 3.6.6. 

(Comparison between cycles and refrigerants), and furthermore the studied 

information from some heat pump manufacturers and some existing heat 

pumps; a two stages cycle with open intercooler has been selected. 
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• Type of refrigerant: after the comparison between cycles and refrigerants done 

in the part 3.6.6 the refrigerant HFC R134a has been selected. It has been 

selected because, on the one hand, the studied refrigerants CFC R12, HCFC 

R22 and the blend R500 are not allowed for use nowadays. On the other hand, 

the refrigerants HC R290 and the blend R407C are discarded because the 

achieved heating coefficient of performance with them is lower than for the 

other refrigerants. The refrigerant R717 is discarded because its critical 

pressure in the calculated application is considered not allowable. And finally 

the HFC R152a has been discarded because it is classified as an extremely 

flammable gas. 

 

• Cooling capacity: as it has been explained it must be 5 000 kW, because it 

must be equal to the average cooling demand, which is 5 000 kW. 

 

• Type of heat source: inlet and outlet temperatures and flow rate. The heat 

source is waste water from the cooling cycle of a steel plant. The inlet 

temperature to the evaporator of the HP is near constant at a 40 ºC. The water 

flow rate is 1200 3m /h. The outlet temperature from the evaporator of the HP is 

near 36.4 ºC, as it has been explained in the part 4.3. (Heat pump system 

parameters). 

 

• Evaporation temperature: after the study of some cases of heat pumps and 

with the answers of some experts in heat pump systems, it has been 

determined that 4 K is close to the optimum temperature difference in the 

evaporator between the evaporating temperature and the minimum water 

temperature. Therefore, the evaporation temperature is 36.4 ºC less 4 K, equal 

to 32.4 ºC. But an evaporation temperature of 32 ºC has been selected. 

 

• Type of heat sink: inlet and outlet temperatures. The heat sink is water of a DH 

network. The inlet temperature to the condenser of the HP is assumed to be as 

the average return temperature of the existing DH network within the industrial 

area. That is 51 ºC. 
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• Isentropic efficiency of the compressor: it has been assumed an isentropic 

efficiency of the compressor of 0.7 for the low and high stages. 

7.0ηIS.low =  

7.0ηIS.high =  

• Efficiency of the electrical motor: it has been assumed an efficiency of 0.85 for 

the electrical motor. 

85.0ηe.m =  

 

 

Now is the moment to describe how the calculation of the heat pump has been 

carried out. 
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4.5.4. Process of calculation 

To calculate the heat pump a program 1  has been created with the software 

Engineering Equation Solver (EES).  

 

The objective of the program is to minimize the cost of delivering heat to the 

heating system for a life time of 10 years. 

 

In order to do that the program has the data of: 

• The possible future heat pump (HP) system. 

• The electrical boilers (EB) system (part of the present heating system). 

 

Therefore, taking into account the data of the previous systems, the program 

calculates which is the optimal solution to deliver heat to the heating system. 

 

Three cases are possible: 

• Case 1: the optimal solution is to use only the HP system for delivering heat to 

the district heating network. That means that the HP system can deliver the 

required water temperature (until 90 ºC) along the time without additional 

systems. 

• Case 2: the best option is to continue using the present heating system. 

• Case 3: the best possible solution is to use the HP system to rise the water of 

the district heating network until a specific maximum temperature, and later use 

a secondary system to rise the water temperature until the required 

temperature (In the program the secondary system will be the present EB 

system). 

 

Therefore, the equation of the cost to minimize is the addition of three costs: 

 

(EB)EnergyCost(HP)EnergyCost(HP)InvestmentCost ++=  

 

                                                 
1 See the appendix 1 to see the code of the main program. 
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• The investment of the HP: it is calculated as the heating capacity of the HP 

plus an assumed cost per kW of achieved heating capacity by the HP . This 

cost per kW has been assumed after the study of the information of some HP 

manufacturers and also, after the study of some HP cases. 

c
cost Q ofkW 

euros
 250HP =  

ccost QHP(HP)Investment ⋅=  

 

• The energy cost of the HP system is: 

e.m.

in

η

W timelife
HP)EnergyUse(

⋅=  

year

days
360 years10 timelife ⋅=  

5 days per year have been assumed to do a general maintenance. 

To calculate the energy cost it is necessary to assume an electricity price. In 

the results, firstly is presented the calculation with an average electricity price 

during the life time of 50 euros/MWh. But second other cases are calculated 

taking into account different average electricity prices. 

pricey Electricit
η

W timelife
(HP)EnergyCost

e.m.

in ⋅⋅=  

 

• The energy cost of the EB system: once the heating capacity has been 

calculated, it is possible to calculate the water flow rate in the condenser. If the 

best option is not to increase the water temperature with the heat pump until 

90ºC, it is necessary to increase the water temperature until the required 

temperature with the electrical boilers. Therefore, the energy cost for the 

electrical boilers has been calculated as shown below: 

( )
e.b.

cd

η

 timelife2K)(T90c
EB)EnergyUse(

⋅−−⋅=
⋅

 

)T2K(T

Q
c

drc

c
d

−−
=

⋅
 

( )
pricey Electricit

η

 timelife2K)(T90c
(EB)EnergyCost

e.b.

cd ⋅⋅−−⋅=
⋅
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Independent parameters: 

 

In order to find the best solution there must be some independent parameters 

which can take a range of values, defining the optimal solution at the end of the 

calculation. These independent parameters are the exposed in the part 4.5.2. 

(Parameters of the heat pump calculation) and their job is the next one: 

• Condensing temperature: this is the main independent parameter. This 

parameter can take a range of values from 53 ºC (the district heating return 

water temperature plus 2 K) to 92 ºC (the maximum expected district heating 

supply water temperature plus 2 K). The added 2 K is the optimal temperature 

difference in the condenser between the maximum temperature of the water 

circulating through the condenser and the condensing temperature. 

• Intermediate temperature: as a two stages thermodynamic cycle with open 

intercooler has been selected, there is an intermediate temperature to 

determine. For given evaporation and condensing temperatures there is an 

intermediate temperature which provides the optimal heating coefficient of 

performance. Therefore, as the condensing temperature is an independent 

parameter, the intermediate temperature is also an independent parameter, 

and the program takes the necessary value which provides the maximum 

heating coefficient of performance for a defined condensing temperature. 

 

 

Numerical method: 

 

One important thing when we are talking about minimizing the system cost or 

finding an optimal solution of a system with a program is the numerical method 

used to do that. In the specific program created, with two independent parameters 

(or two degrees of freedom), the program EES uses the Brent method repeatedly 

to determine the minimum along a particular direction. And the direction is 

determined by a direct search algorithm known as Powell’s method or by the 

conjugate gradient method. Furthermore, the EES has implemented other 

numerical methods to evaluate at each iteration the conditioning of the system.2 

                                                 
2 Engineering Equation Solver manual for EES version 6.826.  
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Output parameters: 

 

Now the output data of the heat pump calculation are going to be explained, as 

well as other calculated parameters; in order to could analyse if the heat pump 

system achieves the defined objectives. And after that a flow chart of the created 

program is presented, in order to see how it works. 

 

If the program determines that the heat pump system is a good option (case 1 and 

3), the program calculates the next output parameters: 

• Heating capacity: 
⋅

cQ [ ]kW  

 

• Power consumption: 
⋅

inW [ ]kW  

 

 

• Heating coefficient of performance: hpCOP [ ]- . For the selected thermodynamic 

cycle, a two stages cycle with open intercooler, it is: 

pumpheat   thedrive  tousedEnergy 

out givenenergy  Total
COPhp =  

hp.highhp.lowhp COP

1

COP

1

COP

1 +=  

⋅

⋅

⋅

⋅

==
high

c
hp.high

low

c
hp.low

W

Q
COP ; 

W

Q
COP  

 

• Heat sink: outlet temperature ( dsT [ ]Cº ) and flow rate (
⋅

dc [ ]/hm3 ). If the 

condenser is well designed, the outlet water temperature from the condenser to 

the district heating network will be: 

dsT = cT -2 K 

And the water flow rate will be: 

( )drdsp

c
d

TTcρ

Q
c

−⋅⋅
=

⋅
⋅
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• Economical savings potential: it is calculated as the difference between the Life 

Cycle Cost (LCC) of the HP for supplying the heating capacity during a life time 

of 10 years, and the LCC of the EB system for the same situation. 

 

e(EB)Maintenanc(EB)EnergyCost(EB)InvestmentLCC(EB)

e(HP)Maintenanc(HP)EnergyCost(HP)InvestmentLCC(HP)

++=
++=

 

 

The investment for the heat pump has been already explained. And the 

investment in the electrical boilers system is 0 euros because it is already built. 

 

euros 0(EB)Investment

QHP(HP)Investment ccost

=
⋅=

 

 

The energy cost is calculated as shown next: 

 

pricey Electricit
η

Q timelife
(EB)EnergyCost

pricey Electricit
η

W timelife
(HP)EnergyCost

e.b.

c

e.m.

in

⋅⋅=

⋅⋅=
 

 

The HP maintenance cost is assumed to be 2.5% of the heat pump investment 

per year. And the EB maintenance cost is assumed to be equal to the heat 

pump maintenance cost. 

 

e(HP)Maintenance(EB)Maintenanc

years(HP)Investment0.025e(HP)Maintenanc

=
⋅⋅=

 

 

Therefore, the economical savings potential is: 

 

LCC(HP)-LCC(EB) PotentialSavings Economical =  

 years10

LCC(HP)-LCC(EB)
per year  PotentialSavings Economical =  



 
  Heat pump practical study  4 

  121 

In order to known if economically speaking the heat pump is a worthwhile 

system, it is necessary to calculate the present value of the economical 

savings. Present value is the value on a given date of a future payment or 

series of future payments, discounted to reflect the time value of money and 

other factors such as investment risk. Thus, to calculate it an interest rate of 

5% is assumed: 

 

5%rateInterest =  

∑
= +

=
10

1year
yearrate)Interest (1

per year potential savings Economical
luePresent va

 

 

And finally, the net present value is calculated. The net present value is a 

standard method for the financial appraisal of long-term projects. It is used in 

capital budgeting to analyse the profitability of an investment or project. 

 

(HP)Investment
rate)Interest (1

per year potential savings Economical
Valuet Net Presen

10

1year
year

−
+

= ∑
=

 

 

• Energy savings potential: it is calculated as is shown below: 

e.b.

c

e.m.

in

η

Q timelife
EB)EnergyUse(

η

W timelife
HP)EnergyUse(

⋅=

⋅=
 

HP)EnergyUse(-EB)EnergyUse( PotentialSavingsEnergy =  

 years10

HP)EnergyUse(-EB)EnergyUse(
per year  PotentialSavingsEnergy =  

 

•  2CO Emissions savings potential: in the calculation of the optimal solution the 

rate of per MWh EmissionsCO  2  of electricity supplied to SMT is used, being 

51  2CO  kg/MWh. But also, in the results section other solutions are exposed 

taking into account other points of view for the rate of 

per MWh EmissionsCO  2  of electricity supplied. 
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per MWh EmissionsCO
η

Q timelife
EB)Emissions(CO

per MWh EmissionsCO
η

W timelife
HP)Emissions(CO

 2
e.b.

c
 2

 2
e.m.

in
 2

⋅⋅=

⋅⋅=
 

HP)Emissions(CO-EB)Emissions(CO PotentialSaving EmissionsCO  2 2 2 =  

 

• Payback: 

per year  PotentialSavings Economical

(HP)Investment
Payback=  

 

• Delivered energy price: 

 timelifeQ

LCC(EB)
(EB) priceenergy  Delivered

 timelifeQ

LCC(HP)
(HP) priceenergy  Delivered

c

c

⋅
=

⋅
=
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Flow chart of the created program 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-23: Flow chart of the created program. 
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4.6. RESULTS AND DISCUSSION 

First of all the results of the minimum system cost solution are presented. Therefore, 

this first calculation is done from an economical point of view, focusing only for the 

minimum cost. 

 

Second the results of some studied cases in which different values for different 

parameters have been taken into account are presented. The objective of these 

studied cases is to find not only a good system from an economical point of view, but 

also a sustainable energy system. 

 

4.6.1. Results of the minimum system cost solution 

Condensing temperature: 92 ºC 

Max. supply water temperature to the DH network: 90 ºC 

Water flow rate: 160.6 /hm3  

Heating capacity: 7119 kW 

Power consumption: 2119 kW 

Heating coefficient of performance: 3.36 

 

 Heat pump Electrical boilers 

Life Cycle Cost for 10 years 12.99 millions € 33.87 millions € 

Investment 1.78 millions € 0.00 millions €  

Energy cost 10.77 millions € 33.43 millions € 

Maintenance 0.45 millions € 0.45 millions € 

 

Figure 4-24: Circular graphic of the HP LCC and EB LLC. 
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Energy savings potential 453175 MWh (67.78 %) 

 per year 45318 MWh (67.78 %) 

 2CO  emissions saving potential 23.11 millions of  2CO kg (67.78 %)  

 per year 2.31 millions of  2CO  kg (67.78 %) 

Economical savings potential 20.88 millions € (60.84 %) 

 per year 2.09 millions € (60.84 %) 

Present value 16.12 millions € 

Net present value 14.34 millions € 

Payback 0.85 years 

Delivered energy price 

 Heat pump 21.13 € / MWh 

 Electrical boilers 55.07 € / MWh 

 

Other results: 

Intermediate temperature: intT = 67.31[ ]Cº  

Critical pressure: criticalP = 33.82[ ]bar  

Critical temperature: criticalT = 97.09[ ]Cº  

Low stage refrigerant mass flow rate: 
⋅

r.lowm = 43.06 






s

kg
 

High stage refrigerant mass flow rate: 
⋅

r.highm = 75.71 






s

kg
 

Specific cooling capacity: eq = 116.1 








kg

kJ
 

Specific heating capacity: cq = 94.1 








kg

kJ
 

Low stage volume suction flow: 
⋅

s.lowV = 3892 








h

m3

 

High stage volume suction flow: 
⋅

s.highV = 2541 








h

m3

 

Annual heating capacity= 61508 MWh/year. 

Possible heated houses (for 120 kWh/m^2 or 20000 kWh/house)= 3075 houses. 
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4.6.2. Results of the different studied cases 

In order to do a sensitivity analyse and try to find not only the best economical 

option but also a sustainable option, 36 different cases have been calculated. 

The sensibility analyse has done given different values to some parameters, these 

parameters are: 

• Maximum water temperature supplied by the heat pump. 

• Average electricity price during the life time. 

• Rate of 
 2CO emissions per MWh of electricity supplied from the power plants. 

 

The different values taken into account for these parameters are: 

• Maximum water temperature supplied by the heat pump. 

o 80 ºC. 

o 85 ºC. 

o 90 ºC. 

• Average electricity price during the life time: 

o 40 euros / MWh. 

o 50 euros / MWh. 

o 60 euros / MWh. 

• Rate of 
 2CO emissions per MWh of electricity supplied from the power plants. 

o Average Swedish = 11 kg / MWh. 

o Average Nordic = 101 kg / MWh. 

o European average = 475 kg / MWh. 

o Current Nordic marginal production (coal power plant) = 933 kg / MWh. 

 

The results presented for these 36 cases are: 

• Heating coefficient of performance. 

• Energy savings potential per year. 

•  2CO  emissions saving potential per year. 

• Economical savings potential per year. 

• Net Present Value. 
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Table 4-1: Results of the studied cases. 

Case 
dsT  Electricity Emissions COP Energy 

 2CO  emissions Economical Net 

  price   savings saving savings Present 

     potential potential potential Value 

Unit º C 
MWh

euros
 

MWh

CO kg  2  - 
year

MWh  
year

10CO kg 6
 2 ⋅  

year

10euros 6⋅  € 610⋅  

1 80 40 11 4.18 45741 (74%) 0.50 (74%) 1.66 (65%) 12.85 

2 80 40 101 4.18 45741 (74%) 4.62 (74%) 1.66 (65%) 12.85 

3 80 40 475 4.18 45741 (74%) 21.73 (74%) 1.66 (65%) 12.85 

4 80 40 933 4.18 45741 (74%) 42.68 (74%) 1.66 (65%) 12.85 

5 80 50 11 4.18 45741 (74%) 0.50 (74%) 2.12 (67%) 16.39 

6 80 50 101 4.18 45741 (74%) 4.62 (74%) 2.12 (67%) 16.39 

7 80 50 475 4.18 45741 (74%) 21.73 (74%) 2.12 (67%) 16.39 

8 80 50 933 4.18 45741 (74%) 42.68 (74%) 2.12 (67%) 16.39 

9 80 60 11 4.18 45741 (74%) 0.50 (74%) 2.58 (68%) 19.92 

10 80 60 101 4.18 45741 (74%) 4.62 (74%) 2.58 (68%) 19.92 

11 80 60 475 4.18 45741 (74%) 21.73 (74%) 2.58 (68%) 19.92 

12 80 60 933 4.18 45741 (74%) 42.68 (74%) 2.58 (68%) 19.92 

13 85 40 11 3.75 45549 (71%) 0.50 (71%) 1.65 (62%) 12.75 

14 85 40 101 3.75 45549 (71%) 4.60 (71%) 1.65 (62%) 12.75 

15 85 40 475 3.75 45549 (71%) 21.64 (71%) 1.65 (62%) 12.75 

16 85 40 933 3.75 45549 (71%) 42.50 (71%) 1.65 (62%) 12.75 

17 85 50 11 3.75 45549 (71%) 0.50 (71%) 2.10 (64%) 16.27 

18 85 50 101 3.75 45549 (71%) 4.60 (71%) 2.10 (64%) 16.27 

19 85 50 475 3.75 45549 (71%) 21.64 (71%) 2.10 (64%) 16.27 

20 85 50 933 3.75 45549 (71%) 42.50 (71%) 2.10 (64%) 16.27 

21 85 60 11 3.75 45549 (71%) 0.50 (71%) 2.56 (65%) 19.79 

22 85 60 101 3.75 45549 (71%) 4.60 (71%) 2.56 (65%) 19.79 

23 85 60 475 3.75 45549 (71%) 21.64 (71%) 2.56 (65%) 19.79 

24 85 60 933 3.75 45549 (71%) 42.50 (71%) 2.56 (65%) 19.79 

25 90 40 11 3.36 45318 (68%) 0.49 (68%) 1.63 (59%) 12.62 

26 90 40 101 3.36 45318 (68%) 4.57 (68%) 1.63 (59%) 12.62 

27 90 40 475 3.36 45318 (68%) 21.53 (68%) 1.63 (59%) 12.62 

28 90 40 933 3.36 45318 (68%) 42.28 (68%) 1.63 (59%) 12.62 

29 90 50 11 3.36 45318 (68%) 0.49 (68%) 2.09 (61%) 16.12 

30 90 50 101 3.36 45318 (68%) 4.57 (68%) 2.09 (61%) 16.12 

31 90 50 475 3.36 45318 (68%) 21.53 (68%) 2.09 (61%) 16.12 

32 90 50 933 3.36 45318 (68%) 42.28 (68%) 2.09 (61%) 16.12 

33 90 60 11 3.36 45318 (68%) 0.49 (68%) 2.54 (62%) 19.62 

34 90 60 101 3.36 45318 (68%) 4.57 (68%) 2.54 (62%) 19.62 

35 90 60 475 3.36 45318 (68%) 21.53 (68%) 2.54 (62%) 19.62 

36 90 60 933 3.36 45318 (68%) 42.28 (68%) 2.54 (62%) 19.62 
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It is possible to construct some graphics in order to see how the calculated 

parameters changed with the input parameters: 

 

• Heating coefficient of performance: the lower is the outlet water temperature 

from the condenser the higher is the COP. 

 

Figure 4-25: Heating coefficient of performance for different maximum water 
temperature delivered by the heat pump. 

 

• Energy savings per year: the lower is the outlet water temperature  from the 

condenser (
dsT ) the higher is the energy saved. This happens because when 

dsT  is decreased, the heating capacity of the HP decreases less in percentage 

than the decrease in the power consumption. 

 

Figure 4-26: Energy savings per year for different maximum water 
temperature delivered by the heat pump. 
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• 
 2CO  emissions saving per year for the different rates of 

 2CO emissions per 

MWh of electricity supplied by the power plants, and taking into account 

different outlet water temperatures from the condenser. 

 

Figure 4-27: 
 2CO  emissions saving per year for different maximum water 

temperature supplied by the heat pump and different rates of
 2CO  

emissions per MWh. 

 

• Economical savings per year for different average electricity prices values, and 

taking into account different outlet water temperatures from the condenser. 

 

Figure 4-28: Economical savings per year for different maximum water 
temperature supplied by the heat pump and different average electricity 
prices. 
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• Net Present Value for different average electricity prices values, and taking into 

account different outlet water temperatures from the condenser. 

 

Figure 4-29: Net Present Value for different maximum water temperature 
supplied by the heat pump and different average electricity prices. 

 

Then, after the study of these graphics it is possible to say that, looking only at the 

cases with an electricity price of 50 euros per MWh, the best option would be to 

use a heat pump which rises the water temperature in the condenser until 80ºC. 

Why? Because then, the achieved economical savings, energy savings, COP, 
 2CO  

emissions saving and the Net Present Value are higher when the heat pump is 

compared with the electrical boilers. 

 

But the differences are nearly non-existent and more importantly, in these first 

results it is not taken into account that if with the heat pump is only increased the 

district heating water temperature until 80 ºC, then is necessary another system to 

rise the water until the required temperature (maximum of 90ºC) and that means 

that it would be necessary an extra energy usage which would be not necessary to 

use if the heat pump could deliver water until 90 ºC. 

 

In order to see these differences, in the next table it is shown which will be the total 

energy usage and the total cost of delivering heat until 90 ºC for the different 

studied cases but without taking into account the 
 2CO  emissions saving potential. 
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Table 2: Results of the studied cases. 

Case 
dsT  Electricity Flow Energy Energy Total Energy Energy Total 

  price rate use use energy cost cost energy 

    HP EB use HP EB cost 

Unit º C 
MWh

euros
 

h

m3

 
year

MWh  
year

MWh  
year

MWh  €
year

106

 €
year

106

 €
year

106

 

1 80 40 199 15979 21283 37262 0.64 0.85 1.49 

5 80 50 199 15979 21283 37262 0.80 1.06 1.86 

9 80 60 199 15979 21283 37262 0.96 1.28 2.24 

13 85 40 176 18500 9419 27919 0.74 0.38 1.12 

17 85 50 176 18500 9419 27919 0.92 0.47 1.40 

21 85 60 176 18500 9419 27919 1.11 0.57 1.68 

25 90 40 160 21539 0 21539 0.86 0 0.86 

29 90 50 160 21539 0 21539 1.08 0 1.08 

33 90 60 160 21539 0 21539 1.30 0 1.30 

 

As it is possible to see, by only looking to one electricity price, the total cost of 

deliver heat until 90 ºC (using a combination of heat pump and electrical boilers) is 

higher as lower is the maximum water temperature that can deliver the heat pump. 

Because in the cases that the heat pump does not deliver water at a temperature 

of 90 ºC, it is necessary an extra energy usage to be used in the electrical boilers 

to increase the water temperature until 90 ºC. 

 

Then, another important thing is that using a heat pump to increase the water 

temperature until 80 ºC implies that it is delivered a higher water flow rate at a 

useless temperature than if it is used a heat pump to increase the water 

temperature until 90 ºC. 

 

Furthermore, for an electricity price of 50 euros per MWh, if is compared the case 

of use a heat pump to deliver water until a temperature of 90 ºC with the case of 

use it to deliver water only until a temperature of 80 ºC, it is possible to see that 

there is an extra system cost of 0.78 millions euros or an extra energy use of 

15723 MWh. In reality, these data must be calculated taking into account that the 

heat pump does not have to deliver water until a temperature of 90 º C along the 

whole year, but in any way less energy and money would be used with a heat 

pump which could deliver water until a temperature of 90 ºC. 
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5. CONCLUSIONS 

As it was explained in part 2 (Aim, methodology and delimitations), the aim of this project 

has two dimensions. 

 

The first one had a theoretical dimension with the objective of learning the basics of the 

heat pumps. Thus, in this moment it is possible to say that the heat pumps continue being 

a very helpful toolbox, because new environmental friendly refrigerants with better 

properties are under development and new heat pumps with higher efficiency are 

manufactured. Therefore, heat pumps should be taken into account by the engineers in 

order to design energy systems which can achieve higher energy efficiency and lower 

environmental impacts. 

 

The second dimension consisted in carrying out a practical study. The objective was to 

find out how to use an available waste energy from the cooling of a steel plant for an 

internal district heating system within the industrial area of SMT AB located in Sandviken, 

Sweden; in order to reduce the energy use, the economic cost and the environmental 

impacts within the industrial are. 

 

Thus, after the study of all the involved parameters in the system, it is possible to answer 

that the use of a heat pump in the specific studied application is possible and has a lot of 

benefits, as for example: 

• Energy reductions ...................... until 45300 MWh per year. 

• Cost reductions .......................... until 2 millions euros per year. 

• 
 2CO  emissions reductions1 until 2.3 millions of 

 2CO  kg per year. 

 

However, the previous calculated values can be only considered as an approximation of 

the possible benefits which can be achieved, because in this project only the basic 

parameters of the heat pumps have been taking into account and also because some 

assumptions have been taken during the calculation process. 

 

                                                 
1 Rate of kg of  2CO emissions per MWh used equal to 51 kg per MWh. Source: SMT AB. 
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Furthermore other important questions that have not been studied in this project should be 

studied, as for example: how should the system be controlled in order to achieve the 

necessary cooling demand of the steel plant or how the connection of the heat pump with 

the district heating network should be designed. 

 

However, ignoring these aspects, the use of the heat pump would be a much more 

sustainable energy system to provide heat to the heating system within the industrial area; 

and the possible energy use, economic cost and environmental impacts reductions are 

very tangible. Thus, is considered that must be taken into account the possibility of build 

the heat pump system and that the optimal calculated solution would be to use a heat 

pump which could provide water to the future district heating system until a temperature of 

90 ºC, avoiding the use of an additional energy system to lift the water temperature until 

90 ºC. 



REFERENCES 

Air Liquid. Available from: http://www.airliquide.com/ [Accessed 21 May 2008] 

 

Alfa Laval.  

Available from: http://www.alfalaval.com/Pages/default.aspx [Accessed 21 May 2008] 

 

ASHRAE, American Society of Heating, Refrigerating and Air-Conditioning Engineers. 

Available from: http://www.ashrae.org/ [Accessed 21 May 2008] 

 

Carrier: Energy Efficiency and Cost Savings.  

Available from:  http://www.residential.carrier.com/knowledge/efficiency/index.shtml 

[Accessed 21 May 2008] 

 

CDC, Centers for Disease Control and Prevention.  

Available from: http://www.cdc.gov/ [Accessed 21 May 2008] 

 

DTU Mekanik, Danmarks Tekniske Universitet, Institute for Mekanisk Teknologi: 

Department of Mechanical Engineering, Section of Energy Engineering.  

Available from: http://www.et.web.mek.dtu.dk/Coolpack/UK/About.html [Accessed 21 May 

2008] 

 

EHPA, European Heat Pump Association.  

Available from: http://ehpa.fiz-karlsruhe.de/en/ [Accessed 21 May 2008] 

 

Energy [r]evolution: global scenario. 

Available from: http://www.energyblueprint.info/151.0.html [Accessed 21 May 2008] 

 

Friotherm AG. Available from: http://www.friotherm.com [Accessed 21 May 2008] 

 

Frank P. Incropera, Fundamentals of heat and mass transfer, 6th edn. 

 



 
References 

Honeywell International, Inc: GENETRON Refrigerants.  

Available from: http://www51.honeywell.com/sm/genetron/ [Accessed 21 May 2008] 

 

IEA HPC, International Energy Agency: Heat Pump Centre. 

Available from: http://www.heatpumpcenter.org [Accessed 13 May 2008] 

 

INSHT, Instituto Nacional de Seguridad e Higiene en el Trabajo.  

Available from: http://www.mtas.es/insht/ [Accessed 21 May 2008] 

 

International Energy Agency, CO2 Allowance & Electricity Price Information: Impact on 

industry’s electricity purchasing strategies in Europe, February 2007. 

 

KTH, The Royal Institute of Technology: Department of Energy Technology.  

Available from: http://www.energy.kth.se/index.asp?pnr=1&ID=1&lang=0 [Accessed 21 

May 2008] 

 

National Refrigerants, Inc.  

Available from: http://www.refrigerants.com/default.htm [Accessed 21 May 2008] 

 

NIOSH, The National Institute for Occupational Safety and Health: International Chemical 

Safety Cards.  

Available from:  http://www.cdc.gov/niosh/ipcs/icstart.html [Accessed 21 May 2008] 

 

Norrenergi AB.  

Available from: http://www.norrenergi.se/NE_hemsida/english.aspx [Accessed 21 May 

2008] 

 

Paper, Target Atmospheric CO2: Where Should Humanity Aim?, 31 March 2008. 

 

Paul C. Hanlon, Compressor Handbook, 3th edn, McGraw-Hill. 

 

Paul E. Minton, Handbook of Evaporation Technology, Noyes Publications. 

 



 
  References 

Queen’s University: Refrigeration Laboratory, Notes on Vapour-Compression 

Refrigeration, Kingston. 

 

Refrigerant Exchange, Inc.  

Available from: http://www.refex.com/generic.html [Accessed 21 May 2008] 

 

Refrigerants, Naturally!  

Available from: http://www.refrigerantsnaturally.com/ [Accessed 21 May 2008] 

 

Sandvik AB. Available from: http://www.sandvik.com [Accessed 11 May 2008] 

 

SHERHPA, Suistainable Heat and Energy Reserch for Heat Pump Applications.  

Available from: http://sherhpa.fiz-karlsruhe.de/en/ [Accessed 21 May 2008] 

 

Skandinavisk Termoekonomi AB.  

Available from: http://www.termoekonomi.se/ [Accessed 21 May 2008] 

 

SMT AB. Available from: http://www.smt.sandvik.com [Accessed 11 May 2008] 

 

Svensk Fjärrvärme AB. Available from: 

http://www.svenskfjarrvarme.se/index.php3?use=publisher&id=1854&lang=1 

[Accessed 21 May 2008] 

 

Svenska Kyltekniska Föreningen.  

Available from: http://www.kyltekniska.com/ [Accessed 21 May 2008] 

 

SVEP, Svenska Värmepumpföreningen.  

Available from: http://www.svepinfo.se/ [Accessed 21 May 2008] 

 

Sverige Turism. Available from: http://www.sverigeturism.se [Accessed 11 May 2008] 

 

Swedish Energy Agency.  

Available from: http://www.swedishenergyagency.se/ [Accessed 21 May 2008] 

 



 
References 

SWEP International AB. Available from http://www.swep.net [Accessed 11 May 2008] 

 

T. Kuppan, Heat Exchanger Design Handbook, Marcel Dekker, Inc, 2000. 

 

Tekniska Verken i Linköping AB.  

Available from: http://www.tekniskaverken.se/om_oss/in_english/ [Accessed 21 May 2008] 

 

The Alliance for Responsible Atmospheric Policy. Available from: 

 http://www.arap.org/regs/montreal.html [Accessed 13 May 2008] 

 

The Center for Global Development: CARMA: Carbon Monitoring for Action.  

Available from: http://carma.org/ [Accessed 21 May 2008] 

 

U.S. Department of Energy: Energy Efficiency and Renewable Energy, Industrial Heat 

Pumps for Steam and Fuel Savings, Washington, 2003. 

 

UK Heat Pump Network.  

Available from: http://www.heatpumpnet.org.uk/ [Accessed 21 May 2008] 

 

Wilbert F. Stoecker, Industrial Refrigeration Handbook, McGraw-Hill, 1998. 

 

Yunus A. Çencel & Michael A. Boles, Thermodynamics: An Engineering Approach, 5th edn, 

McGraw-Hill, 2005. 

 



   

LIST OF FIGURES 

1. INTRODUCCTION FIGURES 

Figure 1-1: Representative overview of the products manufactured by Sandvik AB.......11 

Figure 1-2: Map of Sweden, map of the Gästrikland province and location Sandviken, 

coat of arms of the Gästrikland province and partial view of the industrial 

area of Sandvik AB in Sandviken, the second largest in Sweden.................12 

Figure 1-3: Sketch of the steel plant cooling system. .....................................................13 

Figure 1-4: Actual heating system..................................................................................15 

Figure 1-5: Future possible heating system. ..................................................................15 

Figure 1-6: Simple overview of a district heating system (Source: SWEP International 

AB) .............................................................................................................. 16 

 

3. HEAT PUMP THEORETICAL STUDY FIGURES 

Figure 3-1: Main difference between a refrigeration, heat pump and heat recovery 

system.........................................................................................................21 

Figure 3-2: Typical application of a close cycle absorption heat pump...........................25 

Figure 3-3: Representative overview of heat pumps types and their applications. .........26 

Figure 3-4: Basic heat pump configuration in close cycle MVC heat pumps. .................27 

Figure 3-5: Basic heat pump system..............................................................................28 

Figure 3-6: Log P-h diagram of a one stage heat pump simple cycle.............................28 

Figure 3-7: States and processes in a one stage heat pump simple cycle. ....................29 

Figure 3-8: States and processes in a one stage heat pump simple cycle. ....................29 

Figure 3-9: Heat pump system with input and outputs. ..................................................30 

Figure 3-10: T-s diagram of a one stage heat pump simple cycle. ...................................31 

Figure 3-11: Log P-h diagram for the solved example......................................................34 

Figure 3-12: Close cycle MVC heat pumps: compression process...................................36 

Figure 3-13: Close cycle MVC heat pumps: condensation process..................................38 

Figure 3-14: Temperature evolution along the condensation process. .............................39 

Figure 3-15: Close cycle MVC heat pumps: evaporation process. ...................................42 

Figure 3-16: Temperature evolution along the evaporation process.................................43 

Figure 3-17: Sketch and Log P-h diagram of a one stage simple cycle. ...........................58 



 
List of figures 

Figure 3-18: Sketch and Log P-h diagram of a one stage simple cycle with subcooler. ... 58 

Figure 3-19: Sketch and Log P-h diagram of a one stage cycle with internal SHX........... 59 

Figure 3-20: Sketch and Log P-h diagram of a one stage cycle with economizer. ........... 60 

Figure 3-21: Sketch and Log P-h diagram of a two stage cycle with closer intercooler. ... 61 

Figure 3-22: Sketch and Log P-h diagram of a two stage cycle with open intercooler. .... 62 

Figure 3-23: Sketch and Log P-h diagram of a cascade cycle. ........................................ 63 

Figure 3-24: Sketch and Log P-h diagram of a one stage transcritical cycle.................... 64 

Figure 3-25: Log P-h diagram with the selected parameters. .......................................... 65 

Figure 3-26: Log P-h diagram for the CFC R12............................................................... 67 

Figure 3-27: Log P-h diagram for the HCFC R22. ........................................................... 67 

Figure 3-28: Log P-h diagram for the blend R500............................................................ 67 

Figure 3-29: Log P-h diagram for the HFC R134a. .......................................................... 68 

Figure 3-30: Log P-h diagram for the HFC R152a. .......................................................... 68 

Figure 3-31: Log P-h diagram for the blend R407C. ........................................................ 68 

Figure 3-32: Log P-h diagram for the HC R290. .............................................................. 69 

Figure 3-33: Log P-h diagram for the R717. .................................................................... 69 

Figure 3-34: Log P-h diagrams without and with SHT∆ =5 K............................................. 77 

Figure 3-35: Log P-h diagrams without and with SCT∆ =3 K............................................. 78 

Figure 3-36: Log P-h diagrams without and with evaporator∆P
= 0.75 bar. ............................ 79 

Figure 3-37: Log P-h diagrams without and with line suction∆P = 0.7 bar............................... 80 

Figure 3-38: Log P-h diagrams without and with line discharge∆P
= 1.8 bar. ............................ 81 

Figure 3-39: Log P-h diagrams without and with condenser∆P = 1.7 bar................................ 82 

Figure 3-40: Log P-h diagrams without and with line liquid∆P
= 1.7 bar. ............................... 83 

Figure 3-41: Log P-h diagrams without and with ISη = 0.7 bar. ........................................ 84 

Figure 3-42: Log P-h diagrams without and with 

⋅

lossQ , Gf = 6%....................................... 85 

Figure 3-43: Log P-h diagrams without and with taken into account all the parameters... 86 

 

4. HEAT PUMP PRACTICAL STUDY FIGURES 

Figure 4-1: System boundary. ....................................................................................... 90 

Figure 4-2: Subsystems boundaries. ............................................................................. 90 



 
  List of figures 

   

Figure 4-3: Present heating system. ..............................................................................91 

Figure 4-4: Oil boilers system. .......................................................................................92 

Figure 4-5: Electrical boilers system. .............................................................................93 

Figure 4-6: Future heating system. ................................................................................94 

Figure 4-7: Simple sketch of the future heat pump system.............................................95 

Figure 4-8: Steel plant-Buffer tank system. ....................................................................96 

Figure 4-9: One cycle of the cooling demand.................................................................97 

Figure 4-10: Buffer tank-Heat pump system. ...................................................................99 

Figure 4-11: Heat pump-District heating network system...............................................101 

Figure 4-12: Data of the existing district heating network within the industrial area........102 

Figure 4-13: District heating network-Buildings system..................................................103 

Figure 4-14: Summary of the heat pump system parameters to take into account for the 

HP design..................................................................................................103 

Figure 4-15: Tank system and CV boundary..................................................................104 

Figure 4-16: One cycle of the cooling demand...............................................................105 

Figure 4-17: Water temperature inside the tank. ............................................................107 

Figure 4-18: Water return temperature from the cooling cycle to the tank. .....................108 

Figure 4-19: Water return temperature from the evaporator to the tank. ........................108 

Figure 4-20: Energy variation inside the tank. ................................................................109 

Figure 4-21: Water temperature inside the tank along three cycles of the cooling 

demand. .................................................................................................... 109 

Figure 4-22: Maximum and minimum water temperatures inside the tank for a given tank 

volume.......................................................................................................110 

Figure 4-23: Flow chart of the created program. ............................................................123 

Figure 4-24: Circular graphic of the HP LCC and EB LCC. ............................................124 

Figure 4-25: Heating coefficient of performance for different maximum water temperature 

delivered by the heat pump........................................................................128 

Figure 4-26: Energy savings per year for different maximum water temperature delivered 

by the heat pump.......................................................................................128 

Figure 4-27: 
 2CO  emissions saving per year for different maximum water temperature 

supplied by the heat pump and different rates of 
 2CO  emissions per MWh.129 

Figure 4-28: Economical savings per year for different maximum water temperature 

supplied by the heat pump and different average electricity prices. ...........129 



 
List of figures 

Figure 4-29: Net Present Value for different maximum water temperature supplied by the 

heat pump and different average electricity prices..................................... 130 

 



   

LIST OF TABLES 

3. HEAT PUMPS THEORETICAL STUDY TABLES 

Table 3-1: Heating coefficient of performance comparison. ..........................................70 

Table 3-2: Critical pressure comparison. ......................................................................70 

Table 3-3: Critical temperature comparison. .................................................................71 

Table 3-4: Specific cooling capacity comparison. .........................................................71 

Table 3-5: Specific heating capacity comparison. .........................................................72 

Table 3-6: Specific power consumption comparison. ....................................................72 

Table 3-7: Refrigerant mass flow rate comparison........................................................73 

Table 3-8: Power consumption comparison. .................................................................73 

Table 3-9: Volume suction flow comparison..................................................................74 

Table 3-10: Parameters of the one stage simple cycle without and with SHT∆ = 5 K. ......77 

Table 3-11: Parameters of the one stage simple cycle without and with SCT∆ = 3 K. ......78 

Table 3-12: Parameters of the one stage simple cycle without and with evap.∆P = 0.75 bar.79 

Table 3-13: Parameters of the one stage simple cycle without and with s.l.∆P = 0.7 bar. .80 

Table 3-14: Parameters of the one stage simple cycle without and with d.l.∆P = 1.8 bar..81 

Table 3-15: Parameters of the one stage simple cycle without and with condenser∆P = 1.7 

bar. ..............................................................................................................82 

Table 3-16: Parameters of the one stage simple cycle without and with line liquid∆P
= 1.7  

bar. ..............................................................................................................83 

Table 3-17: Parameters of the one stage simple cycle without and with ISη = 0.7............84 

Table 3-18: Parameters of the one stage simple cycle without and with

⋅

lossQ , Gf = 6%. ..86 

Table 3-19: Parameters of the one stage simple cycle taken into account all the 

parameters. .................................................................................................87 

 



4. HEAT PUMP PRACTICAL STUDY TABLES 

Table 4-1: Results of the studied cases...................................................................... 127 

Table 4-2: Results of the studied cases...................................................................... 131 

 
 



   

APPENDIX 1: PROGRAM 

"Input parameters________________________________________________________________" 
 
Te=32 [C]     "Evaporation temperature" 
Qe=5000 [kW]     "Cooling capacity" 
Tdsmax=90     "Max District heating supply water temperature" 
isl=0,7      "Isentropic efficiency low stage" 
ish=0,7      "Isentropic efficiency high stage" 
Tdr=51      "Average district heating return water temperature" 
 
 
"Independent parameters__________________________________________________________" 
 
"Tint"      "Intermidiate temperature" 
"Tc"      "Condesing temperature" 
 
 
"Calculation of the thermodynamic cycle______________________________________________" 
 
Pe=PRESSURE(R134a;T=Te;x=1)   "Evaporation pressure" 
Pint=PRESSURE(R134a;T=Tint;x=1)   "Intermediate pressure" 
Pc=PRESSURE(R134a;T=Tc;x=1)   "Condesing pressure" 
 
"State1" 
T1=Te : P1=Pe 
h1=ENTHALPY(R134a;T=T1;x=1) 
s1=ENTROPY(R134a;T=T1;x=1) 
 
"State22" 
s22=s1 : P22=Pint 
h22=ENTHALPY(R134a;s=s22;P=P22) 
T22=TEMPERATURE(R134a;s=s22;P=P22) 
 
"State2" 
s2=s22 : P2=P22 
h2=((h22-h1)/isl)+h1 
 
"State3" 
T3=Tint : P3=Pint 
h3=ENTHALPY(R134a;T=T3;x=1) 
s3=ENTROPY(R134a;T=T3;x=1) 
 
"State44" 
s44=s3 : P44=Pc 
h44=ENTHALPY(R134a;s=s44;P=P44) 
T44=TEMPERATURE(R134a;s=s44;P=P44) 
 
"State4" 
s4=s44 : P4=P44 
h4=((h44-h3)/isl)+h3 
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"State5" 
T5=Tc : P5=Pc 
h5=ENTHALPY(R134a;T=T5;x=0) 
s5=ENTROPY(R134a;T=T5;x=0) 
 
"State6" 
T6=Tint : h6=h5 : P6=Pint 
s6=ENTROPY(R134a;h=h6;P=P6) 
x6=QUALITY(R134a;h=h6;P=P6) 
 
"State7" 
T7=Tint : P7=Pint 
h7=ENTHALPY(R134a;T=T7;x=0) 
s7=ENTROPY(R134a;T=T7;x=0) 
 
"State8" 
T8=Te : h8=h7 : P8=Pe 
s8=ENTROPY(R134a;h=h8;P=P8) 
x8=QUALITY(R134a;h=h8;P=P8) 
 
"Equations" 
Qe=ml*(h1-h8)      "Heating capacity" 
0=ml*(h2-h7)+mh*(h6-h3)    "Open intecooler" 
Qc=mh*(h4-h5)      "Heating capacity" 
Wl=ml*(h2-h1)      "Power consumption in the low stage" 
Wh=mh*(h4-h3)      "Power consumption in the high stage" 
W=Wl+Wh      "Power consumption" 
COPlowhp=Qc/Wl 
COPhighhp=Qc/Wh 
COPhp=1/((1/COPlowhp)+(1/COPhighhp))  "Heating coefficient of performance" 
 
 
"Objetive function to minimizate_____________________________________________________" 
 
Cost=investmenthp+energyhpcost+energyascost 
 
 "Investment of the heat pump" 
 hpcost=250    "Cost of investement / kW of heating capacity" 
 Investmenthp=hpcost*Qc 
 
 "Life time" 
 Years=10 
 Months=12 
 Hours=years*months*30*24 
 
 "Energy cost of the heat pump" 
 motorhpefficiency=0,85   "Efficiency of the electrical motor of the heat pump" 
 Energyhpuse=(hours*W)/(1000*motorhpefficiency) "Energy use in the heat pump" 
 Energyhpprice=50     "Electricity price" 
 Energyhpcost=energyhpuse*energyhpprice  "Energy cost of the heat pump  
 durign the life time" 
 
 "Energy cost of the electrical boilers" 
 boilerefficiency=0,92    "Efficiency of the electrical boilers" 
 Energyasuse=((Qc/(Tc-2-Tdr))*(Tdsmax-(Tc-2))*((hours)/1000))/boilerefficiency  
 "Energy use in the electrical boilers" 
 Energyasprice=50    "Electricity price" 
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 Energyascost=energyasuse*energyasprice "Energy cost of the elelctrical  
 boilers durign the life time" 
 
 Pwater=300 
 Twater=(Tc-2+Tdr)/2 
 density=DENSITY(Water;T=Twater;P=Pwater) 
 cp=CP(Water;T=Twater;P=Pwater) 
 Waterflow=((Qc/(density*cp*(Tc-2-Tdr))))*(3600) 
 
"Output parameters______________________________________________________________" 
 

"Life Cycle Cost of both system: heat pump system and electrical boilers system" 
"Calculated with the objetive of supply the heating capacity of the heat pump" 

 
  Electrichppower=(W/motorhpefficiency)  "Power demand in the heat pump  
 electrical motor" 
  Electricaspower=(Qc/boilerefficiency)  "Power demand in the electrical  
 boilers" 
 
  Electricityhpuse=(electrichppower*hours)/1000  "Energy use in the heat  
 pump" 
  Electricityasuse=(electricaspower*hours)/1000  "Energy use in the  
 electrical boilers" 
 
  Electricityprice=50     "Electricity price" 
 
  Electricityhpcost=electricityhpuse*electricityprice "Electricity cost for the  
 heat pump" 
  Electricityascost=electricityasuse*electricityprice "Electricity cost for the  
 electrical boilers" 
 
  Maintenancehp=0,025*investmenthp*years  "Maintenance cost for the  
 heat pump" 
  Maintenanceas=maintenancehp   "Maintenance cost for the  
 electrical boilers" 
 
 LCChp=investmenthp+electricityhpcost+maintenancehp  "Life Cycle cost for the  
 heat pump" 
 LCCas=electricityascost+maintenanceas   "Life Cycle cost for the  
 electrical boilers" 
 
 
 "Energy savings potential" 
 Energysavings=electricityasuse-electricityhpuse 
 Energysavingsyear=Energysavings/years 
 Energysavings100=100-(100/Electricityasuse)*Electricityhpuse 
 
 
 "Emissions savings potential" 
 Emissions=51 
 Emissionshp=electricityhpuse*Emissions 
 Emissionsas=electricityasuse*Emissions 
 Emissionssaving=Emissionsas-Emissionshp 
 Emissonssavingyear=Emissionssaving/years 
 Emissionssaving100=100-(100/Emissionsas)*Emissionshp 
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 "Economical savings potential" 
 Economicalsavings=LCCas-LCChp     
 Economicalsavingsyear=Economicalsavings/years  "Economical savings  
 potential per year" 
 Economicalsavings100=100-(100/LCCas)*LCChp  "% of ecnomical savings  
 potential" 
 Interestrate=0,05      "Interest rate" 
 PresentValue=Economicalsavingsyear*((1/(1+0,05)^1)+(1/(1+0,05)^2)+(1/(1+0,05)^3)+(1/( 

1+0,05)^4)+(1/(1+0,05)^5)+(1/(1+0,05)^6)+(1/(1+0,05)^7)+(1/(1+0,05)^8)+(1/(1+0,05)^9)+( 
1/(1+0,05)^10))      "Present Value of economical  

 savings potential" 
 NetPresentValue=-investmenthp+PresentValue  "Net Present Value of  
 economical savings potential" 
 
 
 "Payback" 
 payback=investmenthp/Economicalsavingsyear 
 
 
 "Energy delivered price" 
 Priceenergydeliveredhp=LCChp*1000/(Qc*hours) 
 Priceenergydeliveredas=LCCas*1000/(Qc*hours) 
"____________________________________________________________________________" 
 
 

 

Some screenshots of the necessary steps to do in order to find the minimum value for the 

system cost are shown next: 
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Screenshot with the variable to minimize, the selected independent variables and the 

method used. Also is possible to see the determined maximum number of iterations. 

 

 
 

 

In the next screenshot the bounds of the independent variables as well as its guess value 

are shown 
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Finally, next there is a screenshot with the output results of one calculation. 

 

 


