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Abstract 

The aim of this thesis is to find the thermodynamically optimal configuration for a 5 

MW heat pump using geothermal water available at 73°C as a heat source.  

This heat pump is hence a relevant application in the context of utilization of 

geothermal energy for the district heating of Copenhagen. 

The geothermal resource is located in Amager, south of Copenhagen, and that is the 

place in which this system is supposed to be built. 

 

To study this energy system, different mathematical models of the system were 

developed using EES (Engineering Equation Solver).  In the first part of the project, 

various 1-stage HPs configurations were analysed to get familiar with the modelling 

and to understand deeply how different types of components and their positioning in 

the system influence the performance of the system itself.  

These configurations include different refrigerants (ammonia, propane and HFO’s) and 

different compressors (screw and piston type); the performance of these alternative 

solutions were compared to identify the best one.  

Real data for screw compressors were obtained from GEA’s compressors selection 

software RTselect. 

 

In the second part of the project more advanced 2-stages cycles were modelled with 

EES to see how much the system could be improved.  

In order to find the best thermodynamic configuration the Pinch Method was applied. 

This method allows to realize the maximum internal heat recovery by integrating the 

heat streams that are present in the system. 

Therefore, in the final part of the project, the Pinch Analysis was applied to the most 

performing configurations to see how far the improvement could be pushed and finally 

to find the thermodynamic upper limits of the system. 

 

The results show that the best solution consists in using a direct heat exchanger 

followed by the series of two 2-stages HPs using ammonia as refrigerant. The COP that 

is achieved with this solution is 6.39. Encouraging results are also obtained with the 

same configuration using HFO’s, as the highest COP with R-1243zf is 6.29. These 

results will be compared also considering the different compressors that are used and 

all the assumptions on which the results are based.   

Finally, the results will be discussed to understand more clearly which is the winning 

technology and to analyse the efficiency of the pinch method on these kinds of system. 
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1 Introduction 

Chapter 1 Introduction 

1.1 Project background 

In the past years Denmark approved ambitious climate policies aimed at reducing the 

overall emissions of the energy sector by pursuing a sustainable energy supply based 

on renewable energies and on the extended utilization of electricity also in the heating 

sector.  

To achieve these targets, the Danish energy sector will rely heavily on renewable 

energies (mainly wind, solar and biomass) to achieve a 100% renewable energy supply 

by 2050 [1].   

In this scenario, electrically-driven large scale heat HPs are considered a winning 

technology to complete the transition to a carbon free heat supply system, in which the 

heat for the DH will not be provided by fossil fuel-based plants but by these electrically-

driven systems.  

These systems present some important advantages: they allow to utilize the power from 

renewable sources and at the same time they can be able to balance the electrical grid 

through a smart management of electricity and heat production; moreover, they can use 

waste heat and other low temperature heat sources that otherwise won’t find any 

meaningful application.    

With this in mind many projects related to large scale heat pumps were started in the 

recent years, like for example the SVAF project which initially aims to study the 

possibility to implement two 5 MW heat pumps using different heat sources (sea water 

and sewage water for one and geothermal water for the other). The heat pump using 

geothermal energy is the subject of my project, in which an analysis of this system will 

be conducted in order to find an optimal solution for the heat pump itself.  

To achieve this target, a mathematical model will be created to describe the system and 

to find out the best choices regarding components and operating conditions of the HP; 

my personal expectation is to be able to provide results that will help to design a 

performing and effective system that will find a real application in the following years. 

The opportunity to study a project of this size and relevance makes me feel really 

motivated to do my best and to give my contribution.  
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1.1.1 The District Heating System of Copenhagen 

The District heating system of the city of Copenhagen has been developed for nearly 

the past 100 years, and today it provides heat for more than half a million inhabitants 

of the city. 

It is part of the Greater Copenhagen district heating system, which supplies the 

metropolitan area with heat coming from four combined heat and power plants (CHP), 

three waste management plants and 40 back up boiler plants in the region [2]. 

A district heating system is a very environmentally-friendly way to provide heat, giving 

the possibility to substitute the individual domestic heating systems with a centralized 

system in which it’s much easier to control the emission of pollutants. 

The main companies that operate in the Greater Copenhagen Area are VEKS, CTR, 

Vestforbrænding and HOFOR and the area that they cover is distributed as indicated in 

the following figure. 

The first three own the 180 km of hot water transport system while HOFOR controls a 

steam system that will be replaced by hot water DH before 2022 [3]. 

The system supplies a total area of 75 milions ��, providing 30000 TJ per year. 

Another interesting fact is that 99% of the buildings belonging to the two largest 

municipalities (Copenhagen and Frederiksberg) are heated by the district heating, 

making the city one of the most sustainable cities in the world [3]. 

 

 

Figure 1.1– The district heating in Greater Copenhagen [1] 
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The biggest input for the development of the system came from the oil crisis in the 

1970s, which gave life to a smart and far-sighted energy plan made by municipalities 

and energy companies. 

This plan began in Denmark with the Heat Supply Act that was approved in 1979. As 

for the city of Copenhagen, the official step toward this efficient and sustainable 

direction came with the Heat Plan Copenhagen in 1984 [1]. 

Therefore, following these acts, the expansion of the system was fueled by many 

positive factors and more recently, the conservation of the environment has become one 

of the most important. 

The hints related to the damage produced by human activities toward the environment 

have become more and more evident and nowadays all the most advanced countries in 

the world have already started many actions in order to delay as much as possible the 

negative effects of the ill-advised treatment of the environment. 

Denmark was already one of the leading countries in this process, but the government 

together with the energy companies keeps pushing toward sustainability; as a proof of 

that, Copenhagen municipality has set the goal of reaching a ��� free district heating 

system by 2025 [1]. 

This means that all the fossil fuels that are used in CHP plants and incinerators have to 

be somehow replaced. 

A big part in this transition process will rely on biomass, but later on it is expected that 

large scale HPs together with geothermal energy and solar heat will complete this 

transition. 

This is the reason why a lot of research has been carried on about the integration of 

large scale heat pumps in the district heating system. 

Considering the topic of this project, the most important study related to HPs using 

geothermal water as heat source is the SVAF project. 

 

1.1.2 The geothermal resource 

Before introducing the SVAF project, it is interesting to describe briefly the geothermal 

energy source that will be used for this application and that already has been used for 

the district heating in Copenhagen. 

The geothermal resource is located in Amager, south of Copenhagen, where in 2000 

HGS made a seismic survey both on and offshore [4]. 

As a result of this survey in the following years two 2.6 km deep geothermal wells were 

drilled and a geothermal demonstration plant was commissioned in 2005 [4]. 

The plant is located near the Amager CHP. It produces geothermal energy from these 

wells, where the water is available at 73 °C and is pumped by a 700 kW electrical 

submersible pump. The water is then cooled down to 17 °C in the heat exchanging 

section of the plant and then injected back by another pump [4]. 

The existing plant provides up to 27 MW of DH, of which 14 are coming from the 

geothermal reserve and 13 from the steam that serves the absorption heat pumps [4]. 
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Figure 1.2– The geothermal plant in Amager [4] 

Considering all the licensed area where the reserves are situated, three large reservoirs 

have been individuated. 

The total amount of geothermal energy that was estimated in 2008 is more than 60000 

PJ, which means that if the district heating system will proceed with an usage rate of 

30-40 PJ per year from the area, the reserves could last thousands of years [4]. 

This numbers confirm that this natural heat source could be profitably used also to 

fuel the integration of large scale HPs in the DH of the city. 

 

1.1.3  The SVAF project 

The SVAF (in Danish Store Varmepumper Til Fjernvarme) is a project funded by 

EUDP whose goal is to study first and realize secondly the possibility of using large 

electric heat pumps for district heating to speed up the sustainable transition that was 

mentioned above. 

This project, that sees the collaboration of different energy companies and universities, 

is going to be carried out in 3 phases [5]:  

- Phase 1 (until 2016): two different large scale heat pumps (5 MW each) have 
been studied as far as designing concepts and development of test programs.  
One HP will use a geothermal energy source situated at Amager, while the 

second one will use low temperature heat sources (sea and sewage water). 

- Phase 2 (2016-2021) : the results will be analyzed and used for the detailed 
design and construction of two prototypes to verify the real behavior and 
operation of the two systems. 

- Phase 3 (2021-future): Actual operation of large scale HPs in the GCA. 

These systems will be useful to investigate the possibility of upscaling the size of the 

HPs to reach facilities able to provide heat in the order of 50-100 MW. 

For the purposes of this project the most relevant part of the phase 1 SVAF final report 

that was submitted at the beginning of 2016 is the one related to the design and analysis 

of the configuration for the HP situated at Amager and using geothermal water as heat 

source. 
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For this system a two-stage hybrid configuration had been designed and analyzed; this 

kind of system uses a mixture of ammonia and water that is carried through an 

absorption cycle in order to operate with lower differential pressures and consequently 

better energy efficiency [6]. 

Two traditional ammonia compressors are also part of the configuration as seen in the 

scheme below. 

A direct water/water heat exchanger is used in the initial part of the system to take 

advantage of the hot geothermal water that is available at 73° C to preheat the water 

returning back from the DH at 50 °C. 

This systems allows to reach a high overall COP of equal to 6.3 while providing 7.1 

MW of Heating capacity, of which around 5 are obtained at the absorber while the 

remaining 2 at the direct heat exchanger [6]. 

 

Figure 1.3– Hybrid HP configuration [6] 

 

This choice was justified by various advantages  [6]:  

- The high efficiency of the system, theoretically higher than a traditional HP 

solution.  

- An easier implementation in the system due to the absence of fixed intermediate 

pressures as it would be in a system with multiple HPs,  

- The lower operating pressures that give more flexibility in the components 

selection and operation. 

- The possibility of increasing the temperatures of the DH water. 
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However also some disadvantages were considered, like: 

- The bigger dimensions of the system 

- Higher investment costs 

- The fact that this technology is exclusively owned by a Norwegian company 
and also that the heat exchanger must be designed in a precise way that could 
make the system more complicated or expensive. 

Even if the expectation was that the hybrid configuration could be more efficient and 

attractive, further test programs showed results that were worse than expected, making 

it meaningful to investigate again the traditional solutions. 

Because of that, in the phase 2 of the SVAF project an alternative solution was 

presented; this design consists of a multiple HPs system with a direct heat exchanger 

that operates with a COP of 6.1 with the two HPs having respectively COP equal to 4.4 

and 4.6. [7] 

 

 

Figure 1.4– Multiple HPs with DHEX configuration [7]. 

 

 

In this project in fact I will present the results obtained with traditional vapour 

compression cycles, and possibly a useful comparison will emerge from this work. 

1.2 Problem statement 

This project corresponds to an optimization problem, in which as mentioned above the 

target is to find out the optimal design options and operating conditions for a heat pump 

system that is meant to provide 5 MW of heat supply to the DH of Greater Copenhagen. 

That’s exactly the main point of this project: Which is the optimal heat pump 

configuration in order to connect the energy of the geothermal water to the demand of 

the district heating system? Which refrigerant should be used as the best operating fluid 

for this application? Which components will be the most suitable for the chosen 
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configuration?  Which COP (Coefficient Of Performance) can be obtained for this 

system using the Pinch Analysis method to identify the most performing HEN (heat 

exchanger network)? So, in other words, will this method be proved to be an effective 

way of analyzing such systems? 

1.3 Task and Methods 

This project is based on the software EES (Engineer Equation Solver) which allows to 

study these kinds of energy systems in a simple and yet very effective way. 

The main concept and technical method that is used to analyse the case study is the 

pinch analysis method. This well-established method permits to study a thermodynamic 

system in order to reach the best possible integration of the heat streams that exist in 

the system. 

Another useful tool is the RTselect (GEA’s compressors selection software) which 

gives the possibility to collect data related to the working conditions of real compressors 

so that they can be used in EES to produce a more accurate model. 

Basically, this heat pump system will have to provide the heat required to increase the 

temperature of the DH water from 50°C to 80°C. Since this temperature glide and the 

power of the system are quite large, the system will need a certain degree of complexity, 

so it will include various hot and cold streams at different temperature levels and the 

related heat exchangers that can be integrated to improve the overall performance of 

the system.  

When the system is complex, it’s not immediate to identify the best HEN, but this is 

possible by applying a rigorous pinch analysis to the system. 

Therefore, the main tasks that I faced step by step are the following: 

- Acquire a good confidence with the modelling of heat pump systems through 
EES 

- Re-establish a deep knowledge of the concepts related to the pinch analysis 
method 

- Learn to implement the pinch analysis method with EES 

- Apply the method to the actual system that is being studied 

- Study and analyse through EES different and more advanced configurations to 
look for possible improvements of the system itself 

- Simulate the operation of the system with EES to obtain and discuss the results 
that will provide the final solution of this optimization problem 

- Identify and build the HEN (Heat Exchanger Network) reaching the highest 
COP 

- Consider and discuss in a proper way the implications of the obtained solution 
to verify the effectiveness of the method and to investigate the possible 
application of it in the new actual system. 
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Chapter 2 Heat pumps 

2.1 Heat pump 

A heat pump is a machine that is able to transfer heat from a hot source at a certain 

temperature T� to a heat sink at a higher temperature T� by means of an external work 

usually provided by an electrically driven compressor. 

This is of course accordingly to the second law of thermodynamics, for which Clausius’ 

formulation states that heat cannot be transferred from a colder to a warmer place 

without some additional external work [8]. 

Heat pump

Heat sink T₂ 

Heat source T₁ 

 

External 
work

 

Figure 2.1– HP  thermodynamic operating principle 
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As seen in the above picture, the useful effect is the heat obtained at high 

temperature Q̇�, while the required work is Ẇ  and usually corresponds to the electricity 

used to drive a compressor or to the mechanical power delivered by the compressor 

shaft. In this thesis the required work will always refer to the mechanical power of the 

compressor shaft. 

Having said this, it is possible to understand that the efficiency of such a machine would 

be defined as the ratio between the desired effect and the required work; and that is in 

fact the definition of the COP (Coefficient of Performance), which is the common 

indicator of this efficiency: 

��� =
�̇�

�̇
 (2.1) 

In the most basic heat pump applications the attainable COP is usually between 3 and 

4. 

It is very interesting though to compare this coefficient with the “thermodynamic limit” 

related to the HP application, that corresponds to the efficiency of a Carnot inversed 

cycle operating between the temperatures ��  and ��, and is a function of only the two 

temperatures: 

��������� =
��

�� − ��
 (2.2) 

Where, as mentioned before, �� is the absolute temperature of the heat sink while �� is 

the absolute temperature of the heat source. 

It is already easy to understand that the closer the two temperatures are, the higher the 

resulting COP will be, so it is easier to design an efficient HP if the heat source is at a 

high temperature. 

The consequence of this is that a Carnot efficiency can be defined to compare the two 

previously defined efficiencies: 

������� =
���

���������
  (2.3) 

Another relevant parameter that can be used to characterize the performance of a heat 

pump is the SPF (seasonal performance factor), that is defined as follows [9]: 

��� =
∑ ��
∑ �

 (2.4) 

In which ∑ �� is the sum of all the heat that has been obtained in a certain time, for 

example one year, and ∑ � is the sum of all the energy consumption associated with 

the operation of the heat pump for the same period of time. 

This parameter can be useful to evaluate the overall performance of a heat pump in a 

certain period of time and it allows to take into account all the energy expenses 

connected to the operation of the whole system. 
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In this project the objective is to maximize the COP to obtain the best design conditions 

for the system so this parameter won’t be used. It would become more interesting in a 

second phase of the design of the heat pump when economic evaluations can be made. 

2.2 The vapour compression cycle 

The traditional technology used for a HP is the vapour compression cycle. 

 

 

Figure 2.2– HP cycle and components [10] 

As it can be seen in the figure above, in this ideal thermodynamic cycle the “refrigerant” 

fluid is carried through a closed cycle in which it undergoes four transformations 

delivered by the four main components of the cycle. 

From point 1 the gas refrigerant enters the compressor and it is isentropically 

compressed to the high pressure of the cycle whose value is related to the condensing 

temperature of the same. 

Subsequently the hot and compressed gas rejects heat at constant pressure at the 

condenser going through a phase changing process that ends when it becomes saturated 

liquid (point 3). 

Then the liquid refrigerant expands at constant enthalpy in an expansion device to go 

back at the low pressure section of the cycle, where it is heated up by the heat source 

and it evaporates at constant temperature to reach point 1. 

The COP of the cycle is calculated by: 

 

��� =
�̇�

�̇
=
ℎ� − ℎ�
ℎ� − ℎ�

  (2.5) 
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2.3 The real cycle and possible improvements 

Below a p-h diagram related to a basic HP cycle is presented. 

The main difference between a real cycle and an ideal one is in the compression process; 

in fact the compressor is unable to produce an isentropic compression; so the 

inefficiencies of the compression process will be evaluated with an indicator, the 

isentropic efficiency. 

 

 

Figure 2.3– p-h diagram for a 1-stage real HP cycle 

 

The isentropic efficiency indicates the ratio between the ideal work required for the 

compression and the real one, that will be larger, causing a decrease in the COP of the 

cycle.  
 

��� =
�̇�����

�̇
=
ℎ��� − ℎ�
ℎ� − ℎ�

  (2.6) 
 

The isentropic efficiency depends on the type of compressor that is used and on its 

operating conditions, as it will be understood more clearly in the next chapter. 

So one first measure to have a high COP is to use compressors operating with high 

isentropic efficiency; however, other actions can be taken to obtain the same goal. 

For HP cycles, in which the positive effect is the heating rejection at the condenser, a 

method to increase it is to cool down the saturated liquid after the condenser. 

0 500 1000 1500 2000
7x10-1

100

101

102

102

h [kJ/kg]

P
 [

b
a
r]

 -17°C 

 25°C 

 75°C 

 130°C 

 200°C 

Ammonia

1

2345

6

2is



 
13 Heat pumps 

In this way some heat at lower temperature can be used, bringing some benefit to the 

overall performance of the cycle. 

In particular the improvement can be calculated as follows (expressed in %/ °C of 

subcooling) [11]: 

� = �
ℎ� − ℎ�
ℎ� − ℎ�

− 1�∗
100

�� − ��
  (2.7) 

When the temperature lift, and subsequently the pressure lift, is large enough 

(indicatively when ����� − ��� > 50 °�) it is interesting to consider the possibility of 

designing a two-stage cycle, in which the compression work is splitted between two 

smaller compressors [12]. 

A 2-stage cycle is presented below; it´s important to notice that this cycle includes 

additional components that will be explained in detail in the next chapter like the oil 

separators after the compressors, the open intercooler between the stages and the low 

stage desuperheater. 

 

 

Figure 2.4– HP 2-stage cycle configuration 

 

If only one compressor is used to obtain this pressure lift there will be two undesired 

effects: 

- A degradation of the isentropic efficiency as it will be clear from the equations 
of the isentropic efficiency in the next chapter 

- A consequent high discharge temperature of the refrigerant that causes troubles 
with the compressor cooling, which is necessary to avoid big thermal and 
mechanical stresses to the components. 

 

These effects emerge clearly from the p-h diagram for the 2-stage ammonia heat pump 

cycle that is presented below.  
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Considering how the compressor efficiency influences the line of the compression 

process, the benefit that is given by this design is bigger than it could be guessed from 

the ideal case. 

 

Figure 2.5– p-h diagram for a 2-stage ammonia cycle 

 

Instead, using this solution is possible to divide the compression work and reduce the 

disadvantages related to the large pressure lift. 

The COP for this configuration is given by: 

 

��� =
�̇�

�̇� + �̇�

=
ℎ� − ℎ�

(ℎ� − ℎ�)+ (ℎ� − ℎ�)
 (2.8) 
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Chapter 3 Components  

3.1  Refrigerants 

The selection of the working fluid of the cycle is always an important part of the design 

of an inversed cycle.  

The requirements that a refrigerant must fulfill are many and are related not only to 

chemical and thermal properties but also to health, safety and environmental 

characteristics; the relevance of these last aspects has increased a lot in the past thirty 

years because of the threats of global warming and ozone layer depletion. 

Many refrigerants with high GWP (Global Warming Potential) and ODP (Ozone 

Depletion Potential) like the CFCs and HCFCs have been indeed banned in the past 

years and to substitute them the two main solutions that are being studied are natural 

refrigerants ( ���,���) and new synthetic low GWP refrigerants like HFOs. 

In general, a refrigerant should be stable and inert in the system, in order to avoid any 

kind of reactions and modifications of its structure; besides that it should have favorable 

thermodynamic and transport properties and more importantly these properties must be 

suitable for the desired application [11]. For example when dealing with a heat pump 

system that delivers heat at 80 °C, the condensing temperature will be somewhere close 

to this value, so a refrigerant should have a critical temperature that is higher, so that is 

it possible to operate with a subcritical cycle. 

Other characteristics that can make one refrigerant preferable are, among others, the 

cost, the mixing properties with the oils that are used in the compressors, the ease in 

detecting leakages. 

However, as mentioned before, safety and environmental characteristics are becoming 

more and more relevant, so the focus will now be put in describing the indicators that 

allow to classify the refrigerants according to these properties. 

The safety classification of refrigerants that was defined by the ASHRAE Standard 34  

distinguish four classes based on flammability properties and two classes based on 

toxicity properties [13], as indicated in the next table. 
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Table 3.1 – Safety classification of refrigerants 

 A: Low toxicity 

Permissible Exposure 

Limit PEL > 400 ppm 

B: High toxicity 

Permissible Exposure 

Limit PEL < 400 ppm 

1: Non flammable 

No flame propagation 

A1: CFC, HCFC, most 

HFCs 

B1: rarely used 

2L: Mildly flammable 

Same as class 2 but with 

burning velocity < 10 

cm/s 

A2L: Most low GWP 

HFC 

B2L: Ammonia 

2: Lower flammability 

LFL>�.�� ��/��  

hc < �� ��/�� 

A2: R152a B2: rarely used 

3: Higher flammability 

LFL<�.�� ��/��  

hc > �� ��/�� 

A3: Hydrocarbons B3: / 

 

As far as the impact of a refrigerant to global warming, an indicator called TEWI was 

developed to take into account both the direct effect of the release of these products into 

the atmosphere and the indirect effect of the production of the electricity that is 

consumed in the systems that use refrigerants [13]. 

This parameter can be calculated as follows: 

���� = � ∗��� + ���� ∗� ∗� (3.1) 

Where: 

- X is the quantity of refrigerant that is released into the atmosphere [kg] 

- GWP is the global warming potential associated to the refrigerant 

- ���� is the mass of carbon dioxide that is emitted for kJ of energy produced 

- � is the operation time of the system 

- � is the energy per unit of time that is consumed by the system 
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3.1.1 History of refrigerants 

Refrigerants have existed since the beginning of mechanical refrigeration, more than 

150 years ago; at that point the only criteria that was used to select a fluid was that it 

was able to produce cooling, so no interest was put into efficiency and safety properties. 

The second generation started when the chemical industry became able to synthesize 

stable and safe substances with good thermodynamic properties as the CFC´s 

(Chlorofluorocarbons) and HCFC´s (Hydrochlorofluorocarbons) [14].  

The problems with these substances were related to the high values of GWP but most 

of all of ODP; when the scientists discovered that these substances containing chlorine 

enhanced the ozone layer destruction, a new protocol was designed and agreed in 

Montreal in 1987 to determine the phase out first and the ban after of CFCs and HCFCs 

[15].  

Therefore, these refrigerants were substituted by HFC´s (Hydrofluorocarbons) that 

don’t contain Cl and consequently produce no damage to the ozone layer. 

 

Figure 3.1– Generations of refrigerants [16] 

However, more recently a lot of attention was pointed at the GWP of refrigerants, since 

the limitation of the global warming has become one of the most important 

environmental challenge of the modern era. Because of that, new international treaties 

like the Kyoto protocol, the EU F-gas Regulation and the Kigali Amendment of the 

Montreal protocol were signed to start the phase out of HFC’s in the following years.                                                          

These new regulations have forced companies to study and test new low GWP 

refrigerants, like the HFOs or to investigate the possibility of using natural refrigerants, 

like ammonia, carbon dioxide or hydrocarbons to substitute the HFCs.         



 
18 Optimization of heat pump for utilization of geothermal energy in district heating 

Consequently, great attention is now put into trying to identify the best solutions to 

respect the new regulations, and also in this project different alternatives are studied to 

verify which paths could be the more successful in the following years. 

Now a deeper description of the main groups and types of refrigerant will be conducted, 

keeping in mind the application for which they are required, that is the considered heat 

pump system.                                                       

3.1.2 Ammonia 

Ammonia (���) is a natural refrigerant, hence with zero GWP or ODP.  

However, it is toxic in low concentrations and flammable so it brings some risks that 

make it difficult to use it in places where it could get in contact with many people. 

Fortunately, its smell is really strong and recognizable so it has a kind of intrinsic alarm 

system that can prevent people from breathing it without realizing the danger.  

Moreover, it must be noticed that ammonia is not compatible with copper, so the 

structure of the system has to be built considering this [13]. 

Nonetheless it has good thermodynamic properties like a high critical temperature 

(132.3°C at a pressure of 113.3 bar), large heat of vaporization, a high volumetric 

refrigerating effect and an effective heat transfer so its use is very interesting for safer 

and closed applications like for example large heat pumps. 

It is a high-pressure working fluid so the components also have to withstand this aspect. 

 

3.1.3  HFCs  

HFC’s are halogenated hydrocarbons that have successfully replaced great part of the 

CFCs and HCFC’s like R12, R11 and R22 that were the most used at the beginning of 

the 90s. In particular for heat pumps R22 (������) was used but it has been nearly 

completely replaced by mixtures like R-404A, R-407C and  R-410A and by R134a, that 

is a pure fluid.  

R-410A is a mixture of R-32 and R-125 that has zero ODP and is not flammable or 

toxic but it displays a high value of GWP (2088), so it is going to be phased out in the 

near future [17]. It is used mainly in small to medium heat pump applications with low 

desired temperatures [18]. 

The best candidates for replacing it are low GWP fluids like natural refrigerants, HFO’s 

and R-32 that is a component of R-410 A but has a lower GWP. R134a is used for 

medium to large heat pump systems; it has a very high efficiency but lower compared 

to ammonia [18]. 
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3.1.4 Hydrocarbons 

HCs can be used as refrigerants and have small ODP and GWP so they could be used 

as replacements for HFCs. In particular, propane (R-290), butane (R-600) and isobutene 

(R600a) could find application instead of R134a in heat pump systems at high 

temperature.  

One barrier to the use of these fluids is that they are really flammable and explosive 

[18].  

3.1.5 HFOs  

The hydrofluoroolefins are quite a recent class of refrigerants that could substitute the 

HFC due to their much lower GWP (<1).  

This characteristic comes from the fact that these molecules are unsaturated, which 

means that they have at least one double bond [19]. 

They are however quite new and expensive so there is some resistance in using them 

largely and some of them are still in the development stage. 

The most known are R-1234yf, R-1234ze(E), R-1234ye(Z), R-1243zf. 

R-1234yf has shown similar performances when compared to R-410A, but it requires 

much bigger units to achieve this target. 

It is also suitable as a drop-in refrigerant for R-134a. 

HFO-1234ze(E) and HFO-1233zd(E)  are used in chillers while HFO-1336mzz could 

be interesting for high temperature heat pumps [17]. 

 

 

Figure 3.2– Comparison between p-h curves of R-134a and different HFOs [20]. 
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3.2 Compressors  

Compressors are crucial components in the operation of inverse cycles, as their 

behavior can importantly affect the efficiency of the whole system. 

They can be of classified in two main categories depending on the working principle 

[11]: 

- Positive displacement compressors like the piston type compressors, the screw 

compressors, the scroll compressors and the rotary compressors in which the 

compression work is obtained by a gradually decreasing volume. 

- Dynamic compressors that are represented by the turbo compressors, in which 

the compression work derives from the change of the gas speed performed in 

the rotating impeller and in the diffuser 

The choice of the compressor depends on many characteristics of the system, first its 

size. Some compressors like the scroll or rotary are used in small size applications, 

while screw, reciprocating and turbo compressors find application in larger systems.  

As a consequence of that, these last three will be described more in detail. 

Compressor can be classified based on the design of the drive motor arrangement in 

“open” or “hermetic”: the first type requires a shaft seal, while for hermetic and 

semihermetic compressors the drive motor and the compressor are built in the same 

closed cage, thus avoiding the problems related to the design of the shaft seal, but 

making it more difficult to cool down the motor windings [11]. 

For positive displacement compressors, the concept of swept volume (�� �
��

����������
�)  

is quite relevant; it is defined as the volume that is supposed to be filled by the gas at 

the inlet of the compressor. 

In practice the swept volume flow is usually used (indicating with n the speed in 

revolutions per minute): 

�̇� = �� ∗
�

60
 (3.2) 

This volume will not be completely filled, so it is necessary to introduce the concept of 

volumetric efficiency �� (�̇� is the volumetric flowrate in the compressor �
��

�
� )  : 

 

�̇� = �̇� ∗�� (3.3) 

So, considering that the compression work for an adiabatic reversible process is equal 

to the enthalpy difference between the outlet and inlet gas conditions, the ideal 

compressor power for a given mass flowrate ��̇ �
��

�
�� is: 

�̇�� = �̇ ∗Δℎ�� (3.4) 
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However in reality the compressor work will always be larger, because of different 

losses that are included in a parameter called “isentropic efficiency”, that was already 

introduced in chapter 2, and that allows to write the expression for the real work: 

 

�̇ = �̇ ∗
Δℎ��
���

 (3.5) 

  

Finally, considering that for a compressor with known swept volume flow the mass 

flowrate is: 

�̇ =
�̇�
���

∗�� (3.6) 

The work can be expressed as: 

�̇ =
Δℎ��
���

�̇�
���

∗�� (3.7) 

  

This expression marks the importance of volumetric and isentropic efficiencies for a 

compressor; in particular the isentropic efficiency is affected by four types of losses 

[21]: 

1. Fluid friction 

2. Mechanical friction 

3. Heat transfer 

4. Sealing defects 
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3.2.1 Screw compressors 

The operating principle of this kind of compressor is quite simple, as two screws 

rotating toward each other gradually reduce the volume of the gas that exit the discharge 

port at the desired pressure. The suction and discharge ports are fixed, so no valves are 

required for its operation. 

 

Figure 3.3– Principle of operation for a screw compressor [22]. 

The ratio between the volume at the inlet and the volume at the outlet is a very important 

parameter for a screw compressor and its efficiency. It is called built-in volume ratio 

(��) and can be used to define a built-in pressure ratio (��): 

 

�� =
��
��
            �� = ��

�  (3.8) 

with k being the polytropic exponent for the isentropic compression process. 

It is important that the compressor is selected for an application in which the required 

pressure ratio is close to the built-in pressure ratio, to avoid a decrease in the isoentropic 

efficiency as expressed by Granryd (1964) [11]: 

��� =
�
��
��
�

(���)
�

− 1

�
�

���
� −

� − 1
�

∗�
�

��
�
 
∗��� −

��
��
� − 1 

 (3.9) 
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Screw compressors are usually operated with oil injection in order to seal and lubricate 

the mechanical structure and to cool down the hot gas; as a rule of thumb a compressor 

of 200 ��/ℎ has an amount of injected oil of 30/50 liters/minute [11]. 

The oil must be separated from the refrigerant after the compression, so the presence of 

an oil separator is required. 

Also “dry” screw compressor exist and are used for special applications; the specifically 

designed mechanical structure of these compressors make them more expensive than 

oil injected screws, so the cost constitutes a downside of the advantages related to the 

absence of oil in the system. 

Screw compressors are used for very large capacities, above 180 ��/ℎ to 6000 ��/ℎ, 

corresponding to 50 kW to 1,7 MW of power [11]. 

This kind of compressor is not sensitive to the presence of liquid droplets at the suction, 

so superheating of the inlet gas is not necessarily required; it is quite reliable and offers 

the possibility of reaching high pressure ratio even in a single stage compression. 

3.2.2 Reciprocating compressors 

In this type of compressors, also called piston compressor, a piston that moves in a 

cylinder does the compression work. 

 

Figure 3.4– Principle of operation for a piston compressor [22]. 

These compressors have an intrinsic source of irreversibility in their structure, as the 

volume of the cylinder is not filled entirely by the movement of the piston, so there is 

a dead space that is one of the causes of a decrease of the volumetric efficiency of the 

compressor. This theoretical efficiency that considers only the effect of the dead space 

gives an idea on how much of the cylinder volume is used for the gas compression, and 

it decreases with the increase of the pressure ratio, as it derives from the following 

equations [11]. 
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��,�� = 1 −
��
��
��
��
��
�

�
�
 

− 1� (3.10) 

Where �� is the dead space, �� the swept volume and 
��

��
 the pressure ratio. 

For reciprocating compressors Pierre (1982) found two empirical equations for the 

volumetric efficiency and the ratio between the volumetric efficiency and the isentropic 

one that are reported below: 

�� = �� ∗�1 + �� ∗
��� − 18

100
�∗exp��� ∗

��
��
� (3.11) 

 

��
���

= �1 + �� ∗
��� − 18

100
�∗exp�� ∗

��
��
+ �� (3.12) 

where ��,��,��,��,�,� are all constants depending on the refrigerant and ���  is the 

temperature at the inlet (in °C) and 
��

��
 is the ratio of the condensing and evaporating 

temperatures (in K). 

Piston type compressors are used for applications that go from small sizes to very large 

ones (up to 500 ��/ℎ) [21]. 

 

3.2.3 Turbo compressors 

As mentioned at the beginning of this section, these compressors are dynamic because 

the compression work derives by the change on the speed of the fluid that is given by 

the rotating compressor and it is proportional to the square of the tangential velocity of 

the impeller wheels at the outlet. 

 

Figure 3.5– Principle of operation for a piston compressor [23]. 

These compressors are used only for large capacities with a quite constant pressure 

ratio, as the volumetric flowrate is importantly affected by the pressure ratio. Besides 
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that, many stages are required to obtain certain pressure ratios, most of all for 

refrigerants with a low molecular weight. 

3.3 Condensers  

3.3.1 The condensing section 

The condenser is the heat exchanging section in which the refrigerant rejects heat in a 

phase changing process at constant pressure. 

As said before, this heat is the useful effect of a heat pump cycle, so it has to be 

maximized. 

In order to do that, the heat rejection takes place in three steps that correspond to three 

different heat exchangers: 

- The desuperheater, in which the compressed refrigerant releases heat at high 

temperature until it reaches the condition of saturated vapor. 

- The condenser, where the majority of the heat transfer happens at constant 

temperature. 

- The subcooler, in which the saturated liquid refrigerant is cooled down further 

to use also the less valuable heat at lower temperature. 

 

Figure 3.6 Q-T diagram for the condensation process. 

To increase the COP of the heat pump, the condensing process should happen at the 

lowest possible temperature, as a decrease of 1 K in condensing temperatures allows to 

save around 2-3 % of compression work [24]. 
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The compression process is also relevant for the heat rejection at the condenser; in fact 

if the isentropic efficiency of the compressor is low, the temperature of the superheated 

refrigerant will be very high, so the heat transfer in the desuperheater will be larger.  

3.3.2 The technologies 

Depending on the application, the choice of the right kind of condenser is fundamental 

to increase as much as possible the efficiency of the heat transfer. 

The parameter that marks the difference in this regard is the overall heat transfer 

coefficient U �
�

���
� that depends on the type of condenser,on the fluid that is used to 

extract the heat from the refrigerants and on the type of condensation that takes place 

in the condenser. 

For water cooled condensers, as it is in the application that is being studied, some 

typical values of U are the ones reported below. 

Table 3.2 – Overall heat transfer coefficient for some kinds of condensers [24] 

Type of condensers U �
�

���
� 

Tube in tube type 600-800 

Tube and shell (horizontal) 900-1200 

Tube and shell (vertical) 600-1500 

 

Figure 3.7– Example of shell and tube condenser [25]. 
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3.4 Expansion valves 

The expansion valve is a device whose purpose is to maintain the pressure differential 
between condenser and evaporator and when needed to regulate the refrigerant flow 
accordingly to the heat flux in the evaporator. The expansion of the refrigerant in the 
expansion valve takes place at constant enthalpy, so no work is produced in the device. 
There are many kinds of expansion valves: 

1. Hand expansion valve 
2. Capillary tube 
3. Automatic expansion valve 
4. Thermostatic expansion valve 

5. Electronic expansion valve 
6. Low-pressure float valve 
7. High-pressure float valve 
8. Constant level regulator 

In large systems, where often a flooded evaporator is used, is common to find float type 
expansion valves. They are situated in the low-pressure receiver that precedes the 
evaporator and thanks to floating devices and sensors are able to react to the changes 
of the level of liquid in the receiver that is related to the change of the load in the 
evaporator. 
When the load of the system increases, more refrigerant evaporates, lowering the level 
in the receiver; when this happens the float valve opens letting more refrigerant inside 
the evaporator and re-establishing the level in the receiver. When the opposite situation 
occurs, they close decreasing the amount of refrigerant that arrives in the evaporator. 
[26] 
 

 

Figure 3.8– Sketch of a low-side float valve [27] 
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3.5 The evaporator 

The evaporator is the component after the expansion valve, in which the refrigerant 

receives the heat from the heat source and vaporizes completely before reaching the 

compressor. 

There are two big categories of evaporators: 

- The direct expansion evaporators 

- The flooded evaporator 

In a direct expansion evaporator the refrigerant undergoes phase change in a single 

circuit connecting the expansion valve to the compressor. 

In this way usually, some degrees (2-5 K) of superheat is required at the end of the 

evaporator, because the dynamics of the phase changing fluid could allow some 

droplets of refrigerant to reach the suction of the compressor, causing problems in its 

operation. 

In a flooded evaporator, instead, the liquid refrigerant is kept in a low pressure receiver 

from which it reaches the evaporator and then it comes back to the receiver where the 

separation between the gas and the residual liquid ensures that no liquid refrigerant is 

entering the compressor.  

In this way the superheat is not necessarily required. 

Usually the right level of liquid refrigerant in the receiver is maintained by a low 

pressure float valve. 

 

Figure 3.9– Scheme of a flooded evaporator with balances of forces [28]. 

 

The choice between these two types of evaporators depends on different factors: usually 

for larger sizes of the system the advantages of having a flooded evaporator justify the 

higher costs and complexity of this solution while for smaller systems a simple dry 

expansion evaporator can used. 
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The advantages of flooded evaporators include a higher COP, the absence of problems 

related to maldistribution of the flow, because at the inlet of the evaporator the 

refrigerant is completely in liquid phase, a better use of the plate area due to the absence 

of the superheating zone and the self-regulating property of the evaporator; the 

disadvantages are related to the higher costs of the equipment, the higher amount of 

refrigerant required to avoid superheating, the sensitivity of the system to variations of 

the designed flow. [28] 

3.6 The open intercooler (Flash tank) 

In a 2-stage cycle there is an additional component, the open intercooler (or flash tank), 

that is a vessel that operates at an intermediate temperature and pressure between the 

evaporating and condensing temperatures and pressures.  

It allows to maintain the right separation of the different mass flowrates of the 

refrigerant in the two stages of the cycle. 

This vessel receives the hot gas from the low stage compressor and the liquid refrigerant 

coming from the expansion device of the high-pressure stage; at the same time saturated 

vapor refrigerant leaves the intercooler and reaches the high-pressure compressor and 

saturated liquid leaves the intercooler and goes to the expansion device of the low stage 

cycle.
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Chapter 4 The mathematical model 

 

4.1 Introduction to the model 

The mathematical model has been developed in EES, that is a quite effective tool when 

analyzing energy systems because it contains all the thermophysical properties of most 

of the fluids that are used in these applications. 

The solver doesn’t require the equations to be written in order because it solves them 

“simultaneously”. 

The model was built writing energy and mass balances for each component, starting 

from some assumptions: 

- The mass flowrates are supposed to be stationary 

- Pressure losses are not considered in any component 

- Kinetic and potential energy are neglected in the energy balances 

In this way for each component the conservation of mass allows to write: 

��̇�

�

= ��̇�

�

 (4.1) 

With i and e indicating the inlet and the outlet of the control volume of the considered 

component. 

Furthermore, in accordance to the First Law of Thermodynamics the energy balance 

for each component becomes: 

0 = �̇�� −  �̇�� +  ��̇� ∗ℎ�
�

− ��̇� ∗ℎ�
�

 (4.2) 

Where �̇�� is the heat and  �̇�� the work exchanged in the control volume. 

Having set this hypothesis it’s possible to describe the equations related to each 

component. 
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4.2 Compressors  

To find the best configuration of the system different solutions have been studied, 

including configurations with different compressors; in particular screw and piston 

compressors are the ones that have been used in the cycle to compare the resulting COP 

and select the most appropriate one. 

These two compressors operate according to different principles, so the set of equations 

that are used are not all the same, and both of them will be presented below. 

Before doing that though, it’s convenient to introduce the expression of the isentropic 

efficiency, that is the same and is the starting point for the model of the compressors: 

��� =
ℎ�,�� − ℎ�
ℎ�,� − ℎ�

               →             ℎ�,� =
ℎ�,�� − ℎ�

���
+ ℎ� (4.3) 

where ℎ� is the enthalpy of the refrigerant at the inlet of the compressor and ℎ�,�� is the 

enthalpy at the outlet in the case of ideal compression, while in the real case the value 

of the enthalpy is ℎ�,�. 

4.2.1 The oil-cooled screw compressor 

In the operation of screw compressors, in particular when ammonia is the refrigerant, 

high discharge temperatures are commonly reached, so the oil cooling of the 

compressor becomes necessary.  

1

T_ oil_out  

T₂   

T_ oil_in  

2

 

Figure 4.1– schematic of the oil cooled screw-compressor. 

 

The oil injected in the compressor cools down the gas from the maximum temperature 

��,� to the temperature ��, resulting in a final enthalpy ℎ� that will be at the same 

pressure but, depending on the quantity of oil that is injected, at a temperature that is 

acceptable for the compressor. 
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The volumetric flowrate of the oil ��̇���  �
��

�
��  is chosen in such a way that the 

discharge temperature of the gas is lower than the maximum temperature tolerated by 

the compressor  (���� = 110 °�). 

 

Figure 4.2– p-h diagram with detail on the compression work 

 The compression process is modelled according to the following assumptions: 

- The oil enters the compressor at a fixed temperature ������ = 70 °� 

- The oil and the refrigerant exit the compressor at the same temperature (�� =

�������) 

- The properties of the oil are calculated at the average temperature of the oil 
 

���� =
������ + �������

2
 (4.4) 

In this way the heat absorbed by the oil will be: 

�̇��� = ����� ∗���� ∗�̇��� ∗(������� − ������) 
(4.5) 

where ����� �
��

��∗�
� is the specific heat of the oil at the average temperature and 

���� �
��

��� is the density of the oil at the average temperature. 

The properties of the oil are inserted in the thermophysical properties of an 

incompressible fluid called “Engine_oil_10W” that is included in the libraries of EES. 
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Therefore, this heat will be the same as the heat released by the refrigerant: 

�̇��� = �̇��� ∗(ℎ�� − ℎ�) (4.6) 

In this way, it is possible to determine the enthalpy and temperature of the refrigerant 

at the discharge. 

It is important to notice though that the work of compression will be: 

 

�̇���� = �̇��� ∗(ℎ�� − ℎ�) 

 

(4.7) 

4.2.2 The piston type compressor 

For the piston compressor usually, oil cooling is not present also because the structure 

of the compressor makes it release some percentage points (5-10 %) of the heat of the 

hot refrigerant, so the high discharge temperature typical of the screw compressors are 

not reached. 

1 2
 

Figure 4.3– Block diagram of the piston compressor. 

So this heat loss has to be taken into account as described below. 

If the compression ends at ℎ��, the work done by the compressor is: 

 

�̇���� = �̇��� ∗(ℎ�� − ℎ�) 

 

(4.8) 

But considering a 5 % heat loss it can be written: 

 

�̇���� = �̇���� − 0,95∗��̇��� ∗(ℎ�� − ℎ�)� = �̇��� ∗(ℎ�� − ℎ�) 

(4.9) 

In this way the final state point of the compression process is found. 
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4.3 Condenser  

The condensing section of the cycle includes three heat exchangers: 

- The desuperheater  (2-3) 

- The condenser (3-4) 

- The subcooler (4-5) 

The hot superheated gas exits the compressor at the condition in point 2 and heats up 
the district heating water in counter-flow configuration along the series of heat 
exchangers. 

 

Figure 4.4– Scheme of the condensing section. 

So the total heat capacity will be the sum of these terms: 

 

�̇��� = �̇��� + �̇���� + �̇�� 

 

(4.10) 

Following the numeration given in the figure above it can also be written: 

 

�̇��� = �̇��� ∗(ℎ�− ℎ�)+ �̇��� ∗(ℎ� − ℎ�)+ �̇��� ∗(ℎ� − ℎ�) 

�̇��� = �̇�� ∗(ℎ��,��� − ℎ��,��) 

(4.11) 

Defining these values attention must be paid on the heat-temperature diagram, because 

a minimum temperature difference must be kept along the heat transfer profile. 

In the model a fixed ∆T���� and a fixed ∆T���������� where set in the following way: 
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�� − ���,���� = ∆T���� (4.12) 

�� − ���,�� = ∆T��� (4.13) 

where  ���,���� is the temperature of the district heating water at the end of the 

condenser while ���,�� is the inlet temperature of the DH water. 

These temperature differences are usually between 3 and 5 °C but can be optimized to 

reach the best overall efficiency in a system with many different heat fluxes through 

the pinch method that will be explained in the following chapter. 

4.4 The expansion valve  

The subcooled liquid refrigerant passes through the expansion valve expanding at 

constant enthalpy down to the evaporating pressure. The quality of the refrigerant is 

somewhat bigger than zero. 

6 5

 

Figure 4.5– Scheme of the expansion valve. 

ℎ� = ℎ� (4.14) 

4.5 The evaporator 

 

Figure 4.6– Scheme of the flooded evaporator. 

In the flooded evaporator the geothermal water releases heat decreasing its temperature 

from ���,�� = 73 °�  (or another value depending on the configuration) to ���,��� =

16 °� while the refrigerant evaporates at constant temperature: 
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�� = ���,��� − Δ��� (4.15) 

where a pinch temperature difference Δ��� is kept at the outlet of the evaporator. In 

this project this difference has been assumed equal to 2°C. 

 

Figure 4.7– Q-T diagram for the evaporation process. 

 

So the enthalpy difference in the refrigerant side is: 

�̇�� = ���� ∗(ℎ� − ℎ�)= �̇�� ∗(ℎ��,�� − ℎ��,���) (4.16) 
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4.6 The 2-stages cycle components 

4.6.1 The open intercooler 

The intercooler is a relevant component in 2-stages cycles; it operates at an intermediate 

pressure and temperature between the condensing and evaporating ones. 

Two flowrates of refrigerants come into it while two other leave it. 

 

Figure 4.8– Scheme of the intercooler section. 

 

The conservation of energy inside this control volume gives: 

 

�� ∗ℎ� + �� ∗ℎ� = ��� ∗ℎ�� + �� ∗ℎ� (4.17) 

All these state points are at the same pressure but at point 3 the vapor is superheated. 

 

�� = �� = �� = ��� (4.18) 
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�� = �� = ��� (4.19) 

The intermediate temperature �� was chosen in order to maximize the COP using 

parametric tables in EES to find the optimal one. 

4.6.2 The low-stage desuperheater 

The low-stage desuperheater is an heat exchanger that is situated between the low-stage 

compressor and the intercooler to recover part of the heat of the superheated vapor, that 

otherwise would be lost in the intercooler. 

 

Figure 4.9– Scheme of the low stage desuperheater. 

 

�̇���� = ���� ∗(ℎ� − ℎ�)= ��� ∗(ℎ��,���� − ℎ��,��) (4.20) 
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Chapter 5 The pinch method 

 

5.1 Process integration 

In many industrial systems, there are hot streams that need to be cooled and/or cold 

streams that need to be heated. 

In most cases to fulfill the energy requirements of the system it´s necessary to use 

external utilities, that corresponds to high costs and less energy efficiency of the system 

itself. 

Nonetheless process integration can help reduce this external requirements increasing 

the overall performance of the systems. 

Process integration consists in identifying the energy streams that exist in a systems and 

trying to integrate them to recover internally as much energy as possible to reduce the 

external requirements. 

In the ideal case, all the heat that is needed for the cold streams can be recovered from 

the hot streams and vice versa; but this situation almost never applies to real cases. 

Furthermore in complex systems is not always easy to identify the streams and the 

temperature intervals in which they are situated which makes the heat recovery a very 

difficult task, so a rigorous methodology needs to be used. 

The pinch method has been developed by Bodo Linnhoff at the end of the 70s and has 

become since a very used, known and reliable method to perform heat recovery and 

obtain energy savings in processes and industrial systems. [29] 

The pinch method is performed following three main actions [30]: 

- Identification of the heat load of the streams and of the temperature intervals in 
which they are located 

- Application of the Pinch analysis principles 

- Design of a Heat Exchangers Network (HEN) that realizes the heat recovery 
suggested by the pinch analysis. 

The first step seems the easiest one but sometimes for very complex systems not all the 

required data may be available and so it could become a very long process to be done. 
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5.2 Streams data identification 

This step consists in making a table in which for each stream are displayed all the useful 

information. 

To do so, for each stream the equation that gives the heat load should be written as 

follows: 

�̇� = �̇� ∗��� ∗ |��� − ����| = ��̇ ∗ |��� − ����| (5.1) 

where ��̇ is the heat capacity flow rate (kW/°C), given by the product of the mass 

flowrate (kg/sec) and the specific heat capacity (kJ/°C kg). 

The resulting table will be something similar to the one below. 

 

Table 5.1 – Example of a streams data table 

Stream 

number and 

type  

Initial 

temperature 

[°C] 

Final 

temperature 

[°C] 

Heat capacity 

flowrate 

[kW/°C] 

Heat load 

[kW] 

1 Cold 20 140 2 240 

2 Hot 160 60 3 300 

3 Cold 80 120 4 160 

4 Hot 150 30 1.5 180 
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5.3 The composite curves 

At this point a graphical representation of the hot and cold streams has to be done. 

To do so, the temperature interval in which the hot streams are contained must be 

discretized in smaller temperature intervals that can be larger or smaller depending on 

the accuracy that is required. 

Then for each temperature interval the heat capacities flowrates of the hot streams are 

summed, giving a single hot composite curve in the T-Q diagram, like it is shown 

below. 

 

Figure 5.1– Formation of the hot composite curve [31] 

The same procedure is used to build the cold composite curve, so that the problem can 

be handled like a two streams problem [31]. 

The resulting graph will display the hot and the cold composite curves and it can be 

used to visually identify the potential for heat recovery; as indicated in the figure, the 

overlapping of the two curves shows the maximum heat that can be exchanged by the 

two total streams for a given minimum temperature difference at the pinch point.  
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Figure 5.2– Meaning of the composite curves [32] 

Also, at the top of the hot composite curve the minimum external heat requirement can 

be seen as the difference between the last value of heat load of the cold composite curve 

and the first value of the hot composite curve. The same is valid for the external cooling 

requirement. 

The pinch point represents a very important parameter of the system, as it´s the point 

in which the minimum temperature difference (∆����) occurs. 

Practically  ∆���� will be the minimum temperature difference that will exists in the 

heat transfer section of the system. 

5.4 The problem table 

Of course the graphical representation gives quite a good idea about the external 

requirements, but an algebraic method is necessary to calculate them in a rigorous way; 

this method is called the “problem table” approach [31]. 

If the minimum external requirements have to refer to a case with a minimum 

temperature difference ∆����, the temperature intervals have to be adjusted; practically, 

to ensure that the ∆���� is everywhere respected, the temperatures of the hot streams 

are decreased by 
∆����

�
 while the temperatures of the cold streams are increased by 

∆����

�
, so that is possible to write enthalpy balances for every temperature interval 

obtaining a net surplus or a net deficit of heat [31]. 

In this way the external requirement is calculated as follows [30]: 

- Performing an energy balance for every interval using the simple equation: 

 

∆�� = (�� − ����)∗�����̇ − ����̇ �
�
 (5.2) 
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where �� and ���� are two consecutive shifted temperatures and ���̇  and ���̇  

are the heating capacities flowrates for every interval. 

- Summing all the results from the energy balance of an interval to the following 
interval with the right sign so that it is possible to identify the smallest value of 
net cooling demand as the minimum external heating utility that is required to 
make the problem feasible. That value will exists at a temperature that is called 
the pinch temperature. 

- If that value of minimum external heating is summed to every energy balance 
the value of the final one will correspond to the minimum external cooling 
utility. 

5.5 The Grand composite curve 

Another useful tool used to evaluate the external utilities requirements is the Grand 

composite curve (GCC), which is obtained from the shifted composite curves; the 

shifted composite curves are made adjusting the temperatures that describe the 

temperature intervals for the composite curves. The shifted temperatures will be on the 

y-axis while the values obtained at the last step of the problem table procedure will be 

on the x-axis, giving the Grand composite curve, as the one shown below. 

 

Figure 5.3– Formation of the GCC [31] 

5.6 The meaning of the pinch point 

Once the pinch point has been found the system can be considered as two separate 

systems, because at this point is clear that any heat that is transferred from the zone 

above the pinch to the zone below will increase external cooling utility and vice versa 

if cooling is inserted in the zone above the pinch. 
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These observations result in the three rules of pinch analysis [31]: 

 Heat must not be transferred across the pinch 

 Cold utilities must not be used above the pinch 

 Hot utilities must not be used below the pinch 

5.7 The MER exchanger network 

The MER design is a HEN design that provides minimum energy requirement or 

maximum energy recovery. 

To do so the procedure as illustrated by Linnhoff can be summarized as follows [31]: 

- After the identification of the pinch point the two parts that are separated by it 

should be designed independently from each other 

- The design should begin at the pinch and moving toward the extreme points of 

the system 

- Close to the pinch point two rules must be respected: 

�̇���� ≤ �̇����� (above the pinch) 

�̇���� ≥ �̇����� (below the pinch) 

- Maximixing the heat exchanged between the streams to reduce the number of 

units of the system. 

- Using hot utilities only above the PP and cold utilities only below it. 

5.8 The pinch method for HPs 

The application of the Pinch method for HPs presents some differences with the 

traditional method presented above. 

In fact the traditional method is used to find and minimize the external utilities, but for 

a HP external utilities are not even existing [33], because the system is a closed one, in 

which all the heat is recovered internally by the district heating water (in this 

application). 

For this reason also the composite curves will have a different aspect, as they overlap 

each other completely. 

What is interesting though, is that when the HP system is modelled, some minimum 

temperature differences are set in some points where it is expected or desired to have 

the heat transfer happening with some minimum  ΔT. 

Designing the network in this way it should be possible to obtain two curves that are 

close enough to a HEN that operates near the maximum thermodynamic efficiency. 

What emerges instead when applying the pinch analysis is that the pinch points of the 

system can be situated in different places and that the HEN design should be started 

from this new pinch points, with the optimal temperatures given by an optimization 

process that applies the rules of the pinch analysis. 
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5.9 The pinch method in EES 

The procedure that has been implemented in EES to use the pinch analysis method will 

be now explained in detail. 

To create all the necessary arrays a Procedure has been used inside the code. 

A simple 1-stage model will be used to make the explanation more efficient. 

The selected configuration is the most simple: the district heating water is divided into 

2 streams, one being heated by the condensing section of the HP and the other, the 

smaller one, by the oil cooler heat exchanger. Both streams are heated from 50 to 80 °C 

and the total heating capacity of the system is 5 MW.  

First of all the model was created and simulated to check the number and types of the 

hot streams, that are the black and red ones in the Q-T diagram below, respectively 

indicating the oil cooler and the condensing section heat exchangers. 

 

Figure 5.4– Block diagram for the example model. 
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Figure 5.5– Q-T diagram for the example model. 

The most important parameters of the cycle are summarized in the table. 

Table 5.2 – Main parameters before the optimization 

Parameter Value  Unit  

Condensing temperature �[3] 81.861 °C 

Maximum temperature �[2] = ����� 108,46 °C 

Temperature after subcooling �[5] 55 °C 

∆����� 5 °C 

∆���� 5 °C 

COP 3.69 / 

 

The steps that are followed to build the composite curves are recapped below [33]: 

- The first step is to decide the number of intervals (N) in which the temperature 
range of the hot streams should be divided into. Usually the initial value is 
N=100 but if a better accuracy is desired it can be increased to 200. 
 Then the size of the intervals is found as follows: 
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∆���� =
���� − ����

� − 1
 (5.3) 

            where ���� is the maximum overall temperature of the hot streams and ���� is                 

            the minimum temperature of the hot streams. 

- Consequently an array containing all the N values of temperatures ����,� was 

created inside the procedure 

- For each one of the m hot stream the heating capacity of the stream has been 
divided into the intervals included in the temperature range to which each hot 
stream belongs. To divide the heating capacities properly into the intervals a 
control loop has been created: it checks that the sum of the values in each 
interval is equal to the total heating capacity of the hot stream; this is necessary 
because a non-integer temperature difference must be divided into an integer 
number of intervals, so some troubles can occur when rounding the number of 
intervals. Further details can be found in the code in Appendix D. 

- For each interval the heating capacities that are present in that interval have been 
summed up 

�̇���,� = ����̇

�

���

 (5.4) 

- An array �̇����,� has been created starting from the design heating capacity of 

5000 kW and subtracting the sum of the values of �̇���,� up to the last one before 

the value of �̇����,� 

�̇����,� (���) = 5000 (5.5) 

�̇����,� (���) = 5000− ��̇���,�

���

���

 (5.6) 

 

- In order to mirror the number of points of the hot composite curve with their 
respective horizontal distance to the cold composite curve another array has 
been built for the temperatures of the cold stream of DH water starting from 

�̇����,� and using the slope of the DH water line. 

 

�����,� = ����,��� − ���,��� ∗
�̇����,�
5000

+ ���,��  
(5.7) 

 
 

- The composite curves have been plotted using the two temperatures arrays 

�����,� and ����,� and the array �̇����,�, obtaining as a result the figure below. 
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Figure 5.6– Resulting composite curves 

- An array containing all the temperatures differences between the hot 
temperatures array and the cold temperatures array was created outside of the 
procedure that was used to build the composite curves. 

∆�� = ����,� − �����,� (5.8) 

- Having this array it was finally possible to set the lower limit of each value in 

the array to the desired minimum temperature difference ∆���� in the window 
variable info in order to ensure that the desired minimum temperature difference 
is always respected. 

At this point it was possible to proceed with the optimization, that was done with the 

following steps: 

- Creating two degrees of freedom for the model by commenting the equations 
that were setting the minimum temperature differences at the subcooler and at 

the condenser ∆����� and  ∆����. 
- Selecting one of the multi-dimensional optimization tools provided by EES; in 

this project the Variable Metric Method was used. 

- In the optimization window, the function that has to be optimized must be 
chosen, so the choice is to maximize the COP. 

- Then ∆����� and  ∆���� were chosen as the two independent variables that will 
vary during the optimization; the lower and upper bounds for each variable were 
set and finally the optimization could be launched. 
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Figure 5.7– Resulting composite curves after the optimization 

The result of the optimization is a new set of key temperatures that can be used to design 

a HEN in which in each heat exchanger the minimum temperature difference is 

respected. 

Table 5.3 – Main parameters after the optimization 

Parameter Value  Unit  

Condensing temperature �[3] 76.42 °C 

Maximum temperature �[2] = ����� 104.12 °C 

Temperature after subcooling �[5] 53.136 °C 

∆���,���� 3.015 °C 

∆���,��� 3.136 °C 

COP 3.95 / 

 

Looking at the composite curves, the two pinch points remain at the inlet of the 

subcooler and at the outlet of the condenser, as expected for this simple example; the 

new values of  ∆��� can be seen in the updated array of the temperature differences 

between the hot and the cold composite curves and are reported in the above table. 
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This implies that a HEN that is built using the new temperatures that are the result of 

the optimization could maintain these values of pinch point while providing the highest 

thermodynamically attainable COP. 

In this case the suggested HEN is very simple, as the only adjustment that is required 

consists in splitting the oil cooler’s heat at the condensing temperature, so that no heat 

is transferred through the pinch point and the MER criteria are respected. 

The resulting HEN is presented below, and it is possible to see that the minimum 

temperature difference is respected at the pinch point. This configuration allows to 

reach the maximum COP with only one more heat exchanger. 

The improvement is close to 6.5 % compared to the first configuration. 

 

 

Figure 5.8– Resulting HEN with the DH water temperatures along it. 
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Chapter 6 Results 

 

6.1 Introduction  

 In the first phase of the project the focus has been put on 1-stage configurations for 

some reasons: 

- To get confident with the modelling of heat pump system 

- To try different refrigerants in order to find the most performing one 

- To see how the type of refrigerant impacts the selection of the compressor and 
hence the characteristics of the system 

- To realize how placing the heat exchangers at different temperature levels 
affects the condensing temperature and the COP of the systems 

Before presenting some results it´s necessary to show the assumptions that are used as 

hypothesis and inputs of the system: 

o Design heating capacity of the system: 5 MW 
o District heating water temperatures: 

• Return temperature: ���,�� = 50℃   
• Forward temperature: ���,��� = 80℃  

o Geothermal water temperatures: 
• Extraction temperature: ���,�� = 73℃  

• Injection temperature: ���,��� = 16℃  

o Types of compressors: 
• Screw with oil cooling 
• Piston w/o oil cooling 

o Compressor isentropic efficiency and cooling oil volumetric flowrate: are 
found in the GEA compressors selection software RTSelect 

o Oil inlet temperature: ������ = 70℃   

o Maximum allowable temperature at the compressor discharge: �����_ =
110℃ 

o Pinch temperature differences: 
• Evaporator: 2℃  
• Condenser and subcooler: 3℃  
• Other heat exchangers: 3℃  

o Refrigerants: 
• R717 (Ammonia, ���) 
• R290 (Propane) 
• HFOs (R1234ze(E),R1234yf, R1243zf) 
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6.2 1-stage HP with screw compressor and oil cooling 

The first model that was built is a simple 1-stage HP cycle with screw compressor and 

oil cooling using ammonia as the refrigerant. 

This cycle is used as a reference for the developing of improved cycles. 

 

Figure 6.1– Scheme of the 1-stage model with screw compressor and oil cooling. 

The most suitable compressor that was found in the GEA´s selection software is the 

model YR-Y2655H-52, that is sized for a total cooling capacity of 4041.5 kW and 

operates with an isentropic efficiency of 0.79. 

One difficulty that was encountered using the RTselect is that for this application the 

oil cooling was not enough, so the software expected some additional refrigerant 

injection in the compressor. 

However to simplify the problem, and considering that these 1-stage configurations are 

not practically interesting but are useful to  understand how to improve the cycle, only 

oil cooling has been used in the model for the compressor. In particular, when the value 

of the oil volumetric flowrate was not provided directly by RTselect, it was decided to 

choose a value for which the temperature at the discharge of the compressor was lower 

than the maximum allowable temperature.                                                                                                                

For this model the DH water was heated up in two different streams, as it can be seen 

in the graphs below.  In order to keep the condensing temperature as low as possible 

the water that is heated by the oil has been let free to surpass the outlet temperature of 

80 °C so that the main stream can be heated up to a lower temperature, resulting in a 

lower condensing temperature. 
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Figure 6.2– Q-T diagram for the considered cycle. 

 

Figure 6.3– Block diagram for the 1-stage configuration. 

With these assumptions the resulting COP and other parameters are listed below the 

diagram of the cycle. 

 
 ������ = 4,032 
 ����� = 78.03℃  
 �̇���� = 1240 �� 
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 ���� = 39.66 ��� 
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 �̇���,�� = 2392 ��/ℎ 
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 �� (��������)= 4.827 
 ���� = 104 ℃ 
 �̇��� = 3.687 ��/� 
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 �̇��� = 800 �/�
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The improvement related to the outlet temperature after the oil cooler has brought an 

improvement of around 2 %. 

6.3 Ammonia configurations with direct heat exchanger 

Even if the simple solution that has been presented above seems to be reasonable, it 

doesn´t take into account the fact that the heat source of the system (the geothermal 

water) arrives at the heat pump at a temperature (�����
= 73 °�), that is above the 

return temperature of the district heating water, giving the possibility to recover a large 

amount of heat before the HP cycle. Hence different solutions that include a direct heat 

exchanger before the HP have been analyzed in order to find the best one. 

Below the results obtained with these configurations will be presented. 

6.3.1 2nd configuration 

This configuration is obtained by splitting the DH water in two streams, one passing 

through DHEX and oil cooler HEX while the main one exchanges heat with the 

condenser section.  

With this configuration no improvement was shown by letting the outlet temperature 

of the oil cooler free, as a reduction in the flow through the DHEX was penalizing the 

COP .  

Nonetheless, it can already be seen how impactful the presence of the DHEX is for the 

COP, as it increased of 0.8 points (+20%) compared to the basic configuration. 

The compressor model that was the closer to this application is again the model YR-

Y2655H-52. 

 

Figure 6.4– Block diagram for the 2nd configuration. 

All the most relevant parameters are indicated below: 
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 ������ = 4,81 
 ����� = 79.88 ℃  
 �̇���� = 1040 �� 

 ���� = 7.05 ��� 
 ���� = 41.3 ��� 

 �� = 5.859 

 �̇���� = 897 �� 
 ���� = 107.4 ℃ 
 ��� = 0.79 
 �̇��� = 600 �/��� 

 

 

Figure 6.5– Q-T diagram for the 2nd configuration. 

 

6.3.2 3rd configuration 

This configuration is obtained by splitting the DH water in three streams, one passing through 

DHEX ,one through the oil cooler HEX while the main one exchanges heat with the condenser 

section.  In this way it was possible to increase the temperature of the DH water in the oil cooler 

heat exchanger obtaining a significantly higher COP. The compressor model is: VR-V2655H-

52. 

The relevant parameters are indicated below: 

 ������ = 5.044 
 ����� = 3.624 

 ����� = 84.57 ℃  
 �̇���� = 1040 �� 

 ���� = 7.05 ��� 
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 �� = 6.48 

 �̇���� = 1408 �� 
 ���� = 105.5 ℃ 
 ��� = 0.751 
 �̇��� = 700 �/��� 
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Figure 6.6– Block diagram for the 3rd configuration. 

 

 

Figure 6.7– Q-T diagram for the 3rd configuration. 
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6.3.3 4th configuration 

In this configuration a main stream of DH water passes through the succession of 

DHEX and condenser while a minor stream gets heated up by the oil cooler HEX. 

The compressor model is: VR-V2655H-52 

The main results are the following 

 ������ = 5.241 
 ����� = 3.752 

 ����� = 79.49 ℃  
 �̇���� = 953.9 �� 

 ���� = 7.05 ��� 
 ���� = 40.95 ��� 

 �� = 5.809 

 �̇���� = 1421 �� 
 ���� = 102.1℃ 
 ��� = 0.769 
 �̇��� = 700 �/���

 

Figure 6.8– Block diagram for the 4th configuration. 

 

Figure 6.9– Q-T diagram for the 4th configuration. 
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6.3.4 5th configuration 

The last and best configuration was obtained letting the whole DH water go through the 

DHEX in order to maximize its convenience and then splitting the stream into two and 

letting the stream to the oil cooler reach the maximum possible temperature in order to 

decrease the condensing temperature as much as possible. 

The results are the following:

 ������ = 5.275 
 ����� = 3.774 

 ����� = 79.32 ℃  
 �̇���� = 947.9 �� 

 ���� = 7.05 ��� 
 ���� = 40.8 ��� 

 �� = 5.788 

 �̇���� = 1423 �� 
 ���� = 99,1℃ 
 ��� = 0.77 
 �̇��� = 800 �/���

 

Figure 6.10– Block diagram for the 5th configuration  

 

Figure 6.11– Q-T diagram for the 5th configuration  
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6.4 1-stage HP with piston compressor without oil cooling 

A piston compressor without oil cooling can be used with refrigerants that don’t reach high 

discharge temperature and are therefore compatible with this solution; such refrigerants, 

differently from ammonia, work at lower pressures and when compressed only reach limited 

superheated gas temperatures. In this application R-290 (propane) and different HFOs (R-

134ze(E),R-1234yf,R-1243zf) were used. 

 

Figure 6.12– Scheme of the 1-stage model with piston compressor. 

 

With these refrigerants it was difficult, if not impossible, to find suitable compressors for this 

application, so standard values of isentropic efficiency (��� = 0,75) were used. 

Initially the model was designed without direct heat exchanger, and the best solution was found 

using R-1234ze(E). The results are presented below. 

 
 ����� = 3.726 

 ����� = 81.76 ℃  
 �̇���� = 1342 �� 

 ���� = 3.54 ��� 
 ���� = 20.84 ��� 
 �� = 5.8 

 
 ��� = 0,75 
 ���� = 85.13 °�  
 �̇��� = 31.31 ��/� 

 �̇����� = 5928  ��/ℎ 
 �̇������ = 934.6  ��/

 

 

The model provides a lower COP when compared to the basic model with the screw 

compressor.  However, the most important difference is given by the mass and 

volumetric flowrate of the refrigerant. In fact, R-1234ze(E) has a smaller volumetric 
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capacity so a much larger amount of it is required to obtain the 5 MW design capacity 

of the system. 

Finally, it can be said that the results with the other refrigerant are the following: 

- R-1243zf →  COP=3.722 

- Propane →  COP=3.709 

- R-1234yf →  COP=3.69 

 

 

Figure 6.13– Q-T diagram for the piston configuration without DHEX 

 

6.5 Configurations with direct heat exchanger 

As it was  done for the ammonia configurations, also now the direct heat exchanger will 

be added to the basic model, to see how much improvement it can bring.  

Since no oil cooler is considered, the number of possible configurations is limited to 2, 

that are the series or the parallel of DHEX and condenser. 
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6.5.1 2nd  configuration 

The first configuration consists of the series of DHEX and condenser; the most 

performing refrigerant with this configuration is still R-1234ze(E). 

 

 

Figure 6.14– Block diagram and Q-T diagram for the 2nd configuration   

 

The results are the following: 

 ������ = 4.755 
 ����� = 3.6 

 ����� = 82.02 ℃  
 �̇���� = 1051 �� 

 ���� = 3.54 ��� 
 ���� = 20.96 ��� 
 �� = 5.916 

 ��� = 0,75 
 ���� = 85.13 °�  
 �̇��� = 24,47 ��/� 

 �̇����� = 4632 ��/ℎ 
 �̇������ = 725.4 ��/ℎ 
 ����� = 1405 �� 

 

 
As expected, the overall COP increased of around 0.8 points, allowing a 30% 
reduction in refrigerant charge and so a much better usage of the heat source. 
 

6.5.2 3rd  configuration 

The second and best configuration consists of the parallel of DHEX and the condenser, 

where the temperature after the condenser has to be higher than 80 °C to obtain the right 

temperature after the mixing with the stream that goes through the DHEX. Nonetheless, 

the COP is quite higher compared to the previous configuration, as shown below in the 

results. 

This is probably due to the fact that this configuration allows the best utilization of the 

DHEX. 

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
40

50

60

70

80

90

100

110

Qdh [kW]

T
d

h
 [

°C
]

R1234ze(E)
DHEX
DH water



 
64 Optimization of heat pump for utilization of geothermal energy in district heating 

The best refrigerant in this situation is R-1243zf, but the performances of R-

1234ze(E) (COP=4.958) and propane (COP=4.952) are very close, almost identical. 

 
 ������ = 4.96 
 ����� = 3.738 

 ����� = 86.43 ℃  
 �̇���� = 1008 �� 

 ���� = 4.2 ��� 
 ���� = 25.12 ��� 
 �� = 5.982 

 ��� = 0,75 
 ���� = 85.13 °�  
 �̇��� = 19.94 ��/� 

 �̇����� = 3736��/ℎ 
 �̇������ = 584.8 ��/ℎ 
 ����� = 1420 �� 

 

 
Figure 6.15– Block diagram for the 3rd configuration  

 

 
Figure 6.16– Q-T diagram for the 3rd configuration  
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6.6 Resume 

The performances of the different 1-stage configurations are summarised in the bar 
graph below. 
What emerges clearly from the graph is the impact of the DHEX for all the considered 
refrigerants; its presence gives an increase from 20% to 30% to the COP compared to 
the simple cycle without the direct heat exchanger. 
Another important point is that the best configuration with ammonia provides a better 
COP than the best configuration with HFO’s refrigerants. 
 

 

 
Figure 6.17– Performances of the different 1-stage configurations. 
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6.7 2-stage configurations 

At this point all the 1-stage configurations that have been studied up to now were 

adjusted as 2-stage cycles, to verify the improvement that can be obtained by dividing 

the compression work  into two steps. 

The 2-stage cycle configurations differ from the 1-stage for the presence of an 

intermediate pressure between the two stages of compression. 

For the screw compressors with oil cooling the scheme of the cycle that is used as a 

reference is the one presented in the figure 2.4 (paragraph 2.4), in which an open 

intercooler separates the two stages and a low-stage desuperheater uses the heat 

available after the first compressor. 

For the piston compressors applications the cycle is similar to the one shown below, 

where the presence of the low stage desuperheater is not necessary due to the low 

temperatures reached by the refrigerant gas after the compression. 

 

 
Figure 6.18– Scheme of a 2-stage piston cycle.  

The configurations of the 2-stages cycle are exactly the same as shown before in this 

chapter, so only the main results will be reported, to highlight the overall improvement 

that was achieved with this solution. 

One last consideration regarding the choice of the intermediate pressure has to be made 

before presenting the results; in a 2-stage cycle with ideal compression processes the 

optimal pressure is given by the equation: 

 

���� = ���� ∗����� (6.1) 

However, when modelling real cycles it can be noticed that the intermediate pressure 

(and the consequent temperature) that gives the best overall COP is usually slightly 

higher; nonetheless, when choosing the right compressor for the high-pressure stage, it 

was observed that when increasing the intermediate temperature, the isentropic 

efficiency of the selected compressor was decreasing significantly. 
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So finally, a compromise was made to choose the right intermediate temperature, as the 

temperature for which the COP is higher and the isentropic efficiency of the compressor 

is high enough not to penalize the overall COP. 

This considerations can be found  explicitly  in the table with the results that is presented  
below. 

Table 6.1 – Main results from the 2-stage configurations 

Configuration Compressor 
Efficiency: 
Low-stage 
High-stage  

Pressure 
ratio: 
Low-stage 
High-stage 

Condensing  
Temperature 
[°C] 

Intermediate  
Temperature 
(optimal) 

Overall COP 
(improvement) 

Basic screw 
(ammonia) 

���,� = 0,83  
���,� = 0,72  

��,�
= 2,6  

��,� = 2,2 

���� = 79.5 ���� = 46 
(���� = 43) 

4,189 (+3.9 %) 

2nd ammonia 
configuration 

0,815 
0,7 

2.6 
2.7 

89 46 (47) 
 

5.197(+8.3%) 

3rd ammonia 
configuration 

0,815 
0,7 

2.73 
2.51 

87,4 48 (46) 
 

5.318(+5.4%) 

4th ammonia 
configuration 

0,815 
0,68 

2.73 
2.2 

81 48 (44) 
 

5.5(+4.9 %) 

5th ammonia 
configuration 

0,825 
0,7 

2.74 
2.2 

81 48 (44) 
 

5.61(+6.3%) 

Basic piston 
(R1234-ze(E)) 

0,75 
0,75 

1.85 
3.1 

82 35 (57) 
 

3.91(+4.9%) 

2nd R1234-
ze(E) 
configuration 

0,75 
0,75 

2 
2.9 

82 38 (58) 
 

5.194(+9.2%) 

3rd R1234-
ze(E) 
configuration 

0,75 
0,75 

2.285 
2.9 

88 42 (63) 
 

5.132(+3.5%) 

 
Significant improvements emerge both for ammonia and R-1234ze(E) configurations, 

with an average increase of  4.8% for the natural refrigerant and 5.8% for the HFO. 

For the ammonia configurations is important to point out the relevance of the isentropic 

efficiency of the high pressure stage compressor: its low value impact the COP far more 

than the variation of the intermediate temperature. If compressors with higher 

efficiency were available, the improvements obtained with the 2-stages cycles would 

be way more relevant. 

For the configurations with R-1234ze(E) the most relevant result that emerges from the 

table above is the great disparity between the intermediate temperature predicted  by 

the expression mentioned above and the actual temperature that provides the highest 

COP for each configuration. 

This can be explained with the particular shape of the pressure-enthalpy diagrams of 

the HFOs substances, which differ a lot compared to ammonia or other more common 

substances. 

In fact if the intermediate temperature was as high as predicted by the above expression, 

the refrigerant after the high-stage expansion device would be still at liquid phase, 
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meaning that at the exit of the low-stage expansion valve the refrigerant would be at a 

much higher quality. 

Therefore more refrigerant would be necessary to extract the same heat at the 

evaporator, with a relevant increase in the compressors power. 

6.8 Multiple 2-stage HPs configurations without DHEX 

Considering the size of the system, a very large quantity of heat is transferred at constant 

temperature at the condenser of the cycle; this means that the heat exchange profiles 

will stay quite separated for a major portion of the total heating capacity.  

A way to make the profiles closer to each other is designing a system with two HPs in 

series at two different temperature levels, so that the heat at the condenser is transferred 

at two different condensing temperature, each one being closer to the temperature of 

the district heating water. 

In this first case the DHEX won’t be used, to compare the improvement of this design 

to the basic configurations studied before. Then the results will give a more clear idea 

about the impact of the DHEX and adjustments will be done accordingly. 

The reference cycle scheme is presented below. 

 

Figure 6.19– Scheme of a system of 2 HPs connected in series. 
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6.8.1 Ammonia 2 serially connected HPs configuration 

This ammonia configuration consists of two HPs with the evaporators connected in 

series and both with the same capacity. The low-temperature HP works with an 

evaporating temperature ��� = 14 °� (��� = 7.05 ���), a condensing temperature 

����� =  69°� (����� = 32.4 ���) and an intermediate temperature ���� =  42°� 

(���� = 16.4 ���); its COP is equal to 4.7.  

The high temperature one operates between an evaporating temperature ��� = 42.5 °� 

(��� = 16.7 ���), a condensing temperature ����� =  82°� (����� = 43.23 ���) and 

an intermediate temperature ���� =  55°� (���� = 23.1 ���); its COP is equal to 5.84.  

The heat exchangers have been placed so that the subcoolers and the low stage 

desuperheaters are used for heating the first part of the DH water, in order to use all the 

possible heat at lower temperature. The configuration then appears as presented below. 

 
 

 

 

 

 

Figure 6.20 Block diagram and Q-T diagram for the 2 HPs configuration   

The model for the HP working at high temperature presented some issues about the 

compressor selection; in fact the unusual operating conditions forced to select 

compressors working with a very low isentropic efficiency (below 0.65) and this 

element constituted a relevant penalization for the overall COP. However the resulting 

COP (5.195) is quite high considering the absence of the DHEX and compared to the 

basic 2-stage single HP configuration (COP=4.189). This results confirmed what was 

already expected, that the DHEX is necessary, but that a single HP is probably not 

efficient enough compared to this multiple HPs solution. 
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6.8.2 R1234ze(E) 2 serially connected HPs configuration 

For the HFOs the reference cycle is the same represented above but with piston 

compressors without oil cooling and no low-stage desuperheaters. The heat exchanger 

network (that can be seen in the diagrams below) is built around the same concept, with 

one DH water stream passing through the series of heat exchangers and getting heated 

up from 50 to 80°C. The isentropic efficiency of the four compressors is fixed at the 

standard value of 0.75.  

The first HP operates between an evaporating temperature ��� = 14 °� (corresponding 

to a pressure ��� = 3.5 ���) and a condensing temperature ����� = 72.2 °� ( ����� =

16.95 ���) with an intermediate temperature ���� = 34 °� (���� = 6.5 ���). Its COP 

is equal to 4.3. 

The second HP works between an evaporating temperature ��� = 42.5 °� (��� =

8.2 ���) and a condensing temperature ����� = 82.6 °� ( ����� = 21.2 ���) with an 

intermediate temperature ���� = 57 °� (���� = 11.9 ���). Its COP is 6.65.  

The overall COP is 5.172, significantly higher than 3.91, which was the COP of the 

basic 2-stage piston configuration. The main differences with the ammonia 

configuration are the reduced maximum working pressures (21.2 vs 43 bar), the lower 

maximum temperatures of the cycle (82 vs 100°C) and the much larger volumetric 

flowrate of the refrigerant at the inlet of the low stage compressor (2600 ��/ℎ vs 

1200 ��/ℎ). 

 

 

 

Figure 6.21– Block diagram and Q-T diagram for the 2 HPs configuration using R1234ze(E) 
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6.9 2 HPs connected in series with DHEX  

What emerged from the last results is that  even if a solution with two heat pumps shows 

great improvements over the single HP configurations, the absence of the DHEX is a 

significant drawback, since the best 1-stage solution with DHEX  provides a higher 

COP  compared to the configuration with ammonia using 2 HPs (5.61 vs 5.195). 

As a consequence of that, the possibility of having  multiple heat pumps combined with 

the  direct heat exchanger has been considered, and in these paragraphs this solution 

will be presented both for ammonia and for R1234ze(E).  

When this solution will be proved to be the most efficient one, it will also be optimized 

using the pinch method, to obtain the best thermodynamically achievable performance 

of the system. 

 

 

Figure 6.22– Scheme of the DHEX and 2 HPs configuration  

6.9.1 Ammonia configuration with 2 HPs and direct heat exchanger 

In this configuration, the direct heat exchanger is placed at the beginning of the series 

of heat exchangers, so that it transfers heat to the first portion of the DH water stream. 

The cycles of the 2 HPs are represented in the following p-h diagram. 
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Figure 6.23– p-h diagram for the double HP ammonia configuration 

Except for the presence of the DHEX, the configuration of the HEN is built as in the 

previous case, and as it is shown in the two diagrams below. 

  

Figure 6.24– Block diagram and Q-T diagram for the considered configuration 

For this configuration a temperature difference equal to 5 °C was kept for all the seven 

heat exchangers for which a minimum temperature difference was set (DHEX, 

subcoolers, low-stage desuperheaters, condensers).  
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The reason for this is that when the pinch method will be used to optimize the cycle, 

this temperature differences will be optimized starting from the value of 5 °C, but the 

new optimized temperature differences will be the best possible scenario, also 

compared to the case in which they are equal to 3 °C. The resulting COP is 5.8371, 

which is higher than any configuration using a 3 °C temperature difference that has 

been analysed so far.  This result is quite promising, considering that with all the hot 

streams present in the system, there should be a huge potential of improvement using 

the pinch method. The operating condition of the two HPs are presented below. 

Table 6.2 – Operating conditions for the 2HPs plus DHEX ammonia configuration 

 

The heat obtained at the DHEX is �̇���� = 1310 ��. 

The streams passing through the oil coolers are placed after the first condenser, and the 

temperature of the DH water at that point is already quite high, so the inlet temperature 

of the oil in the compressors has been adjusted to 75 °C.  

 PARAMETER NOTATION VALUE UNITS 

HP1 Coefficient of 

Performance 

COP 4.18 / 

Evap. temperature  ��� 14 °C 

Evap. pressure ��� 7 bar 

Int. temp. (opt.)  ���� 40(41) °C 

Int. pressure (opt) ���� 15.5 (15.9) bar 

Cond. temperature  ����� 73.9 °C 

Cond. pressure ����� 36.2 bar 

HP2 Coefficient of 

Performance 

COP 4.45 / 

Evap. temperature ��� 33.5 °C 

Evap. pressure ��� 12.9 bar 

Int. temp. (opt.) ���� 56 (57) °C 

Int. pressure (opt) ���� 23.7 (24.21) bar 

Cond. temperature ����� 84 °C 

Cond. Pressure. ����� 45.3 bar 

OVERALL Coefficient of 

Performance 

COP 5.837 / 
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Some data regarding the compressors operating conditions are now presented in the 

following table. The most critical component is the high pressure compressor of the 

second heat pump, that operates with very low isentropic efficiency. 

These data were obtained from GEA’s selection software RTselect. 

 

 
Table 6.3 – Compressor models and data for the configuration with DHEX and serially connected HPs 

Compressor 

function 

Selected 

model 

Isentropic 

efficiency 

Pressure 

ratio 

Outlet 

pressure 

[bar] 

Oil 

volumetric 

flowrate 

[l/min] 

Discharge 

temperature 

[°C] 

Low-stage 

HP1 

PR-

P1830S-28 

0.795 2.2 15.5 58 78.9 

High-stage 

HP1 

MMR-

H17T-52 

0.7 2.33 36.2 130 101.4 

Low-stage 

HP2 

MMR-

H13T-52 

0.715 1.83 23.7 66 84.6 

High-stage 

HP2 

ER-D13T-

52 

0.535 1.91 45.3 170 103.1 
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6.9.2 Pinch optimization for the ammonia configuration 

The model that has just been presented has been optimized using the pinch method, as 

explained in the previous chapter. The function that has been maximized is the overall 

COP, whilst the variables that have been let free to vary are shown in the following 

table. The minimum temperature difference limit for the composite curves was set to 3 

°C. The global COP changed from 5.8371 to 6.39 (+ 9.46%).  

However, compared to the configuration with 3 °C for each heat exchanger the increase 

is 2.4% (6.24 vs 6.39). The heat flux at the DHEX is �̇���� = 1481 ��. 

The number of intervals N was set to 200. 

Table 6.4 – Key temperatures and associated pinch temperature differences. 

Key 

temperatures 

Associated 

variable  

Variable meaning  Value before 

the 

optimization 

Value after the 

optimization 

������ ∆������ Temperature difference at 

the first condenser outlet 

5 1.46 

������ ∆������ Temperature difference at 

the second condenser outlet 

5 1.38 

����������,� ∆����������,� Temperature difference at 

the first subcooler inlet 

5 3.91 

����������,� ∆����������,� Temperature difference at 

the second subcooler inlet 

5 3.95 

� ����,� ∆��� ���,� Temperature difference at 

the first low-stage 

desuperheater inlet 

5 3.95 

� ����,� ∆��� ���,� Temperature difference at 

the second low-stage 

desuperheater inlet 

5 3.96 

����� ∆����� Temperature difference at 

the DHEX inlet 

5 3.001 

����� ����� Intermediate temperature 

HP1 

40 40.132 

����� ����� Intermediate temperature 

HP1 

56 56.156 
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Observing the composite curves it is possible to appreciate the variation of the 

temperature profiles  given by the optimization in the Q-T diagram.

 

 

Figure 6.25– Comparison of the composite curves before (above) and after (below) the optimization 
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One thing must be noticed regarding the optimization; to obtain the final result the 

starting value of the independent variables had to be modified “by hand” to allow the 

optimization method to find the best solution. In fact if the guess values are kept equal 

to 5 the optimization doesn’t work in the same way as  when the guess values are 

modified to values closer to the final outcome; this is an aspect of the method that is 

difficult to explain but is probably due to the mathematical approach of the Variable 

Metric Method itself. 

The optimization modifies the values of the key temperatures shown in the table and 

simultaneously check the values of the array containing all the temperature differences 

between hot and composite curves’ points, in order to move the two curves closer to 

each other while keeping a minimum temperature difference equal to 3 °C between the 

curves. After the optimization was performed, three new pinch points are created, and 

their values are the following: 

∆���,� = 3.001 °�  

∆���,� = 3.4079°�  

∆���,� = 3.0889 °�  

(6.2) 

The other aspect that emerges from the composite curves is the decrease of the 

condensing temperatures that of course is the primary cause of the increase in the 

overall COP. 

Not only the condensing temperatures are modified, but also all the other key 

temperatures related to the variables that were mentioned above.  

The new values of the key temperatures are presented below: 

������ = 73.9 °� → 70.9 °�  

�����,� = 84 °� → 80.7 °� 

����,� = 63.43 °� → 62.8 °�  

����,� = 63.77°� → 63.58 °� 

������ = 63.43 °� → 63.251 °�  

 

������ = 64.79°� → 64.41 °� 

���,���� = 53 °� → 53.001 °�  

����� = 40 °� → 40.132 °� 

����,� = 56 °� → 56.156 °�  

 

The consequence of this is that with the new set of key temperatures obtained from the 

pinch optimization it is possible to build a HEN that respects the new values of the 

pinch points temperature differences and that realizes the optimal COP. 

This HEN was built splitting the streams that were crossing the two pinch points at the 

two temperatures related to the condensing processes. 



  

79 Results 

In this way all the streams that are placed before the first condenser will have the same 

outlet temperature and so will have the DH water streams to which they are related. The 

same happens for the streams before the second condenser.  

The HEN consists of 22 heat exchangers compared to the 13 of the not-optimized 

configuration. 

The resulting HEN is here presented in a block diagram that shows also the 

temperatures of the DH water stream along the heat exchangers and the temperature 

differences obtained at the three pinch points, respectively at the inlet of the DHEX, at 

the outlet of the first and at the outlet of the second condenser. 

 

 

Figure 6.26– Resulting HEN with the DH water temperatures along it. 

 

The three values are in accordance to what was obtained from the optimization: 

∆���,�,��� = 3.001 °�  

∆���,�,��� = 3.43°�   

∆���,�,��� = 3.109 °� 

The fact that they are slightly higher is an expected result as the precision that is 

obtained with the ideal optimization is not achievable with the real HEN design.  
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The Q-T diagram for this HEN is presented below, together with the table containing 

all the temperature differences in every HEX and the related heat flux. 

 

 
Figure 6.27– Q-T diagram for the 22 HEX of the considered HEN. 

This diagram is useful to understand how the optimized composite curves are 

practically realized with the heat exchanger network and gives an idea about the 

distribution of the DH flows in the HEN. 

In the following table is possible to explicitly see the heat load of every HEX and the 

operating temperature differences at the outlets and inlets of them. 
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Table 6.5 – Temperature differences and heat flux for every HEX 

 

 

 

 

 

The main results for the operating conditions of the optimized configuration are 

presented below. 

HEX cycle 

1 

ΔT����� ΔT������ �̇[��] HEX 

cycle 2 

ΔT����� ΔT������ �̇[��] 

���� 12.81 11.86 65.8 ���� 13.58 11.86 56.64 

���,��� 13.25 11.86 28.028 ���,��� 14.4 11.86 31.13 

����� 3.001 11.86 1326.7 ���,��� 3.43 10.63 43.7 

����� 11.86 3.43 1403.7 ���� 3.43 10.63 79.5 

���,��� 3.43 8.988 28.08 ����� 3.43  10.63 11.38 

����� 3.43 10.63 64.432 ����� 3.43  10.63 17.43 

����� 3.43  8.98 7.08 ����� 10.63 3.109 1254.6 

����� 3.43  10.63 22.53 ���,��� 3.109 5.977 22.5 

����� 3.43 2.937 154.35 ���� 3.109 23.27 145.54 

����� 3.109 16.9 91.42 ����� 3.109 5.977 10.56 

����� 3.109 16.9 64.27 ����� 3.109 23.27 69.15 
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Table 6.6 – Main results for the optimized configuration 

HP 1 HP 2 

��� 14 °� ��� 32.5 °� 

���� 40.13 °� ���� 56.15 °� 

����� 70.9 °� ����� 80.7 °� 

��� 7.05 bar ��� 12.56 bar 

���� 15.6 bar ���� 23.8 bar 

����� 33.8 bar ����� 42 bar 

��,��� �����  2.21 - ��,��� �����  1.89 - 

��,���� ����� 2.16 - ��,���� ����� 1.77 - 

�̇���,��� ����� 1.26 ��/� �̇���,��� ����� 1.35 ��/� 

�̇���,���� ����� 1.5 ��/� �̇���,���� ����� 1.44 ��/� 

�̇���,��� �����,����� 818.7 ��/ℎ �̇���,��� �����,����� 498.4 ��/ℎ 

�̇���,���� �����,����� 448.4 ��/ℎ �̇���,���� �����,����� 280.2 ��/ℎ 

�̇���� 1368.2 �� �̇���� 1368.2 �� 

�̇���� 1625.3 �� �̇���� 1505.2 �� 

�̇���� 7.1 �� �̇���� 21.9 �� 

�̇���� 86.8 �� �̇���� 118.4 �� 

�̇����� 56.8 �� �̇����� 97.27 �� 

�̇����� 175.1 �� �̇����� 166.1 �� 

�̇����� 232.7 �� �̇����� 208.5 �� 

COP 4.35 - COP 4.65 - 
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6.9.3 HFOs configuration with 2 HPs and direct heat exchanger 

The same configuration that has been proved to be the best one for ammonia has been 

studied with R1234ze(E) to compare the performances of the two refrigerants.  

 

Figure 6.28– p-h diagram for the double HP R1234ze(E) configuration 

The configuration of the system is presented in the two following graphs: a block 

diagram explaining the sequence of the heat exchangers and the Q-T diagram of the 

system. 

A 5 °C temperature difference was used to define the key temperatures of the cycle, at 

the inlet of the DHEX, of the subcoolers and at the end of the condensers. 

 

 

 

Figure 6.29– Block diagram and Q-T diagram for the considered configuration 
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This configuration provided a COP equal to 5.888, higher than the same configuration 

with ammonia (5.831). The heat from the direct heat exchanger is ����� = 1325 ��. 

The main parameters for the 2 HPs are presented in the following table. 
 

Table 6.7 – Main results for the optimized configuration 

 

What emerges from the table is that at higher temperatures the heat pump for the HFO 

works better compared to the ammonia configuration. This result is clearly affected by 

the isentropic efficiencies for the screw compressors at high temperatures, where they 

drop; for this application instead they remain constant (equal to 0.75), making it easier 

to reach high efficiencies in the second HP. One consideration that can be made looking 

at the Q-T diagram is that there are not many streams that cross potential pinch points 

 PARAMETER NOTATION VALUE UNITS 

HP1 Coefficient of 

Performance 

COP 3.872 / 

Evap. temperature  ��� 14 °C 

Evap. pressure ��� 3.5 bar 

Int. temp. (opt.)  ���� 39 (42.1) °C 

Int. pressure (opt) ���� 7.4 (8.1) bar 

Cond. temperature  ����� 76.6 °C 

Cond. pressure ����� 18.7 bar 

HP2 Coefficient of 

Performance 

COP 4.951 / 

Evap. temperature ��� 33.5 °C 

Evap. pressure ��� 6.4 bar 

Int. temp. (opt.) ���� 57 (57.1) °C 

Int pressure (opt) ���� 11.8 (11.91) bar 

Cond. temperature ����� 84.6 °C 

Cond. Pressure. ����� 22.1 bar 

OVERALL Coefficient of 

Performance 

COP 5.888 / 
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in the system. This can help predicting that probably the pinch analysis could be less 

impactful in this application because the streams are naturally already quite integrated. 

6.9.4 Pinch optimization for the HFO configuration 

A problem  was encountered when applying the pinch method to the configuration using 

R1234ze(E); in fact because of the overlapping of the saturated vapour curve to the 

constant entropy lines, some errors were found during the optimization because the 

varying condensing temperature was getting to some points in which the 

thermodynamic functions were not converging. For this reason another refrigerant with 

similar properties, the R1243zf, was used for the optimization. With this refrigerant 

these kinds of errors were avoided. 

Before explaining the results of the optimization, it´s important to compare the 

performances of the two refrigerants for the same application with 5 and 3 °C as 

temperature differences to show how close they are. That emerges from the next table 

but also from the similarities between the p-h diagrams for the two refrigerants, as it is 

shown below. 

 
Table 6.8 – Comparison of the performances between R1234ze(E) and R1243zf 

 

 

 

 

 

 

 
 

Figure 6.30– Comparison between the saturation curves of R-1243zf and R-1234ze(E)   

 

The optimization has been done with the same procedure as before, giving a certain 

number of degrees of freedom to the system and maximizing the objective function that 

is the COP. In this case the low-stage desuperheaters are not present, so the number of 

degrees of freedom is 7. The resulting COP is 6.287, meaning an improvement of 7.2 

% compared to the case with 5°C as  temperature difference and 0.67 % compared to 
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the case with 3°C as temperature difference in the heat exchangers. As expected the 

pinch method is not as effective as in the ammonia case, because the hot streams of the 

system don’t have many pinch crossing points, and so the process integration is less 

impactful. The heat load of the DHEX is �̇���� = 1490 ��. 

In the next table the free variables of the system are shown together with the related 

change obtained from the optimization. 

Table 6.9 – Key temperatures and associated pinch temperature differences. 

 

After the optimization, three pinch points were found as it can be seen in the graphs of  

the composite curves; their values are: 

∆���,� = 3.0195 °�  

∆���,� = 3.001°�  
(6.3) 

Key 

temperatures 

Variable 

name 

Variable meaning  Value 

before the 

optimization 

Value after 

the 

optimization 

������ ∆������ Temperature difference 

at the first condenser 

outlet 

5 1.856 

������ ∆������ Temperature difference 

at the second condenser 

outlet 

5 3.17 

����������,� ∆����������,� Temperature difference 

at the first subcooler 

inlet 

5 3.23 

����������,� ∆����������,� Temperature difference 

at the second subcooler 

inlet 

5 3.25 

����� ∆����� Temperature difference 

at the DHEX inlet 

5 3.0195 

����� ����� Intermediate 

temperature HP1 

39 38.998 

����� ����� Intermediate 

temperature HP1 

50 49.99 
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∆���,� = 3.1749 °�  

The new set of key temperatures is presented as follows. 

������ = 76.29 °� → 73.47 °�  

�����,� = 84.27 °� → 82.53 °� 

����,� = 62.95 °� → 62.17 °�  

����,� = 64.76°� → 63.64 °� 

 

���,���� = 53 °� → 53.0195 °�  

����� = 39 °� → 38.998 °� 

����,� = 50 °� → 49.99 °�  
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Figure 6.31– Comparison of the composite curves before (previous page) and after (above) the 

optimization 

 

Using the new set of key temperatures a HEN was built  by splitting the hot stream 

related to the second heat pump subcooler, that was the only stream crossing a pinch 

point.  

So the HEN consists of just one more heat exchanger compared to the initial 

configuration, and yet it provides the best achievable COP while respecting the three 

temperature differences at the pinch points that were found in the optimization. The 

only disparity is on the third pinch point, for which the HEN provides a temperature 

difference that is lower than the one found in the optimization; this is probably due to 

the mismatch between the condensing temperature and the final point of the composite 

curve that is not necessarily at that temperature. 

 

∆���,�,��� = 3.02 °�  

∆���,�,��� = 3.039°�  

∆���,�,��� = 3.169 °�  

(6.4) 
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Figure 6.32– Resulting HEN with the DH water temperatures along  
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The Q-T diagram of the HEN for this configuration is presented below, followed by 

the table with all the temperatures differences for every HEX and their relative heat 

flux. 

 

 

Figure 6.33– Q-T diagram for the 8 HEX of the considered HEN  

 

Table 6.10 – Temperature differences and heat flux for every HEX. 

HEX cycle 

1 

ΔT����� ΔT������ �̇[��] HEX 

cycle 2 

ΔT����� ΔT������ �̇[��] 

�� 12.18 11.93 240.1 ���� 13.64 11.93 192.5 

���� 3.02 11.93 1489 ���� 3.039 10.38 197.2 

����� 11.93 3.039 1482 ����� 10.38 3.169 1204 

���� 3.039 5.77 89.88 ���� 3.169 7.216 105.5 
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The summary results for the described configuration are presented in the table below. 

Table 6.11 – Main results for the considered configuration 

 

 

 

 

 

HP 1 HP 2 

��� 14 °� ��� 32.5 °� 

���� 39 °� ���� 50 °� 

����� 73.47 °� ����� 82.5 °� 

��� 4.2 bar ��� 7.2 bar 

���� 8.56 bar ���� 11.3 bar 

����� 19.2 bar ����� 23 bar 

��,��� �����  2.05 - ��,��� �����  1.57 - 

��,���� ����� 2.24 - ��,���� ����� 2.05 - 

�̇���,��� ����� 9 ��/� �̇���,��� ����� 9,37 ��/� 

�̇���,���� ����� 12 ��/� �̇���,���� ����� 11.1 ��/� 

�̇���,��� �����,����� 1686 ��/ℎ �̇���,��� �����,����� 1020 ��/ℎ 

�̇���,���� �����,����� 1082 ��/ℎ �̇���,���� �����,����� 752.5 ��/ℎ 

�̇���� 1377 �� �̇���� 1377 �� 

�̇���� 1811 �� �̇���� 1698 �� 

�̇����� 188.2 �� �̇����� 121.7 �� 

�̇����� 268.6 �� �̇����� 216,5 �� 

COP 3.965 - COP 5.02 - 
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Chapter 7 Conclusion 

7.1 Discussion of the results 

The last results related to the multiple HPs configurations with the direct heat exchanger 

represent the final outcome of the optimization process that was realized in this project. 

The most performing ammonia configuration provided a COP equal to 6.39, while the 

best configuration using a HFO refrigerant (R-1243zf) reached at 

 6.29.  

The progression that brought to these results is shown in the bar graphs below. 

 

 
 

Figure 7.1– COP progression for ammonia configurations. 

 

For ammonia configurations the COP saw a total increase of 58.5 % compared to the 

basic 1-stage configuration without the direct heat exchanger. 

The total increase in the COP can be seen as the sum of different small improvements, 

as it can be seen in the pie graph below. The graph was made taking the average 

improvement given by each solution. 
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Figure 7.2– Contributions to the total improvement for ammonia configurations. 

 

For HFO’s configurations the total increase was of 68.8%, even if two different 

refrigerants are involved, but it should be reminded that their performance are quite 

similar when comparing the performances. The distribution of the improvements is 

similar to the one for ammonia, but the pinch method is less impactful for what has 

already been said in chapter 6. 

The difference between ammonia and HFO’s performances is very narrow in absolute 

values, but when discussing the assumptions on which these results are based, the 

margin increase for different reasons. 

In the case of R1234ze(E) and R1243zf standard values of the isentropic efficiencies 

(��� = 0.75) were used for the piston compressors in the model; but in reality it’s quite 

probable that for the high-temperature stages the isentropic efficiency decreases like in 

the real cases with screw compressors, and that would bring the COP down in a relevant 

way.  

 
Figure 7.3– COP progression for HFOs configurations 

 

For example to show the impact of the isentropic efficiency for the HFO’s best 

configuration, the last optimization has been run again with the two low-stages 

44%

9%

43%

4%

DHEX 2  stages 2 HPs Pinch Opt

3,726

4,960 5,172 5,194

6,275 6,29

1-ST W/O 
DHEX

1-ST W DHEX 2 HPS W/O 
DHEX

2-ST W DHEX 2 HPS W 
DHEX

2 HPS W 
DHEX OPT

R-1234ze(E), R1243zf



 

95 Conclusion 

compressors having isentropic efficiency equal to 0.75 and the two high-stages having 

isentropic efficiency equal to 0.70. 

The results show that the COP decreased from 6.29 to 6.13 (-2.5%). Let’s remember 

that for the high-pressure stage compressor in the ammonia configuration the isentropic 

efficiency is down to 0.535. 

This inaccuracy related to the piston compressors for the R1243zf and R1234ze(E) 

cases brings to light another factor that represents a downside for HFO’s: the lack of 

components in the market. 

In fact I did not manage to find piston compressors for HFO’s refrigerants suitable for 

the size of this application. 

The reasons for that are multiple: 

        Table 7.1 – Comparison between the volumetric flowrates for Ammonia and R1234ze(E) 

 

 

This gives a clear idea on how the size of possible compressors for HFO’s would be 

quite bigger than what would be necessary for ammonia.  

The downside of this is that ammonia works at higher pressures compared to HFO’s, 

so the components need to be able to resist to these operating conditions.  

Eventually, for these reasons ammonia seems to be the best option and at the end of this 

project it can be viewed as the winner refrigerant for this application. 

- These refrigerants are quite new and some of them are still in the development 

phase 

- The volumetric capacity of these refrigerants is very low, which means that for 

high heating or cooling capacities the volumetric flowrate is very large and it 

makes it difficult to have piston compressors large enough to fulfill this 

requirement. 

This last aspect is highlighted in the table below, where the volumetric capacity of the 

two refrigerants (ammonia and R1234ze(E)) is reported for the non-optimized cycles. 

It can be seen that for the HFO the volumetric flowrate is nearly always more than 

double the one for ammonia. 

Compressor Port Volumetric flowrate  �̇[��/�] 

Ammonia R-1234ze(E) 

1st HP low-stage Inlet  814.5 1869 

Outlet  453.6 906.7 

1st HP high stage Inlet  444.8 1149 

Outlet  227.7 450 

2nd HP low stage Inlet  495.8 1193 

Outlet  309 620 

2nd HP high stage Inlet  278.2 659,2 

Outlet  165.5 343 
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The most performing ammonia configuration derives from the pinch optimization and 

it consists of 22 HEX for a COP equal to 6.39, compared to the 13 of the non-optimized 

solution that provides a COP of 6.24. 

This improvement given by the pinch method is quite small, and even if a higher COP 

reduces the operating costs, it’s questionable if the better performance justifies the 

higher investment costs related to the higher number of HEX. 

What emerged clearly is that the DHEX is necessary for this application, and the 

improvement given by the two HPs in series compared to the single HP with 2-stages 

seems to assess that also the multiple HPs solution should be considered the winning 

configuration. 

Some final considerations can be made regarding the pinch method applied to HPs in 

EES; it has shown to be quite effective and reliable but some limitations are present; as 

explained before, the optimizations had to be adjusted with targeted guess values to 

reach the actual optimized result, and only the Variable Metric Method has shown valid 

results with the optimization.  

Nonetheless, the concepts of the Pinch analysis and their application resulted to be a 

great tool to better comprehend and integrate complex energy systems so I can say that 

this project was a great opportunity to develop a better knowledge of advanced energy 

systems and process integration. 

7.2 Further development  

Due to lack of time, many interesting aspects related to this project could not be 

developed enough and they leave some space for further study and development. 

In particular an economic assessment could be the next step to verify the convenience 

of the thermodynamically optimized configuration compared to the other 

configurations; another point of interest is the dimensioning of components like the 

evaporators and condensers and a consequent economic evaluation for the cost of all 

the components of the system. 

For what regards other components, it would be interesting to search the market for dry 

compressors suitable for HFOs refrigerants, as it is not clear if they already exist or not. 

The pinch method also leaves some space for a deeper analysis; for example the case 

in which the DH water stream is splitted into different streams and not all of them are 

getting to the same temperature of 80 °C has been encountered. With the pinch 

optimization it was possible to obtain an increase in the overall COP but it was 

suggested that if the method can be adjusted to include the possibility of having 

different cold composite curves the increase could be higher. Some attempts have been 

made on this regard but fractional and not convincing results were obtained.  
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Appendix A 

Propane results 

Together with R-717 (Ammonia) and HFOs also R-290 (propane) was considered as a 

possible refrigerant. Propane is an hydrocarbon so it has the advantage of a low GWP 

and no ODP; the downside is that is very flammable and explosive, so it needs to be 

treated with caution. 

It was used in cycles with piston compressors without oil cooling, because it does not 

reach high discharge temperatures, that is an advantage compared to ammonia; 

however, the performances are lower compared to both ammonia and HFO’s; for this 

reason I did not consider it a valuable solution. The results reported in the bar graph are 

related to the configurations that were presented also for R1234ze(E), with the 

difference that the pinch optimization was not applied to this case, mainly because the 

optimization did not provide convincing results, as the higher COP could not surpass 

the value 6.135, obtained with all the minimum temperature differences for the HEX 

equal to 3 °C. 

 

 

Fig. A.1 Propane COP for the different configurations. 
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The most significant results related to the best propane configuration are presented in 

the table below. 

Tab A.2 – Temperature differences and heat flux for every HEX 

 

 

HP 1 HP 2 

��� 14 °� ��� 32.5 °� 

���� 38 °� ���� 51.2 °� 

����� 74.4 °� ����� 81.9 °� 

��� 7.1 bar ��� 11.4 bar 

���� 13.07 bar ���� 16.4 bar 

����� 28.18 bar ����� 32.5 bar 

��,��� �����  1.836 - ��,��� �����  1.1.43 - 

��,���� ����� 2.15 - ��,���� ����� 1.98 - 

�̇���,��� ����� 4.76 ��/� �̇���,��� ����� 4.96 ��/� 

�̇���,���� ����� 6.45 ��/� �̇���,���� ����� 6.09 ��/� 

�̇���,��� �����,����� 1113 ��/ℎ �̇���,��� �����,����� 714 ��/ℎ 

�̇���,���� �����,����� 808.5 ��/ℎ �̇���,���� �����,����� 595.6 ��/ℎ 

�̇���� 1371 �� �̇���� 1371 �� 

�̇���� 1818 �� �̇���� 1698 �� 

�̇����� 179.2 �� �̇����� 107.8 �� 

�̇����� 291.2 �� �̇����� 236.9 �� 

COP 3.86 - COP 4.93 - 



 

107 Appendix B 

Appendix B 

Considerations on the HPs sizing 

In this section some considerations will be made regarding the sizing of the HPs in the 

configurations with two HPs connected in series and DHEX. In particular both for 

ammonia and R1243zf the total evaporator capacity was splitted in half, so that the two 

HPs received the same heat flux from the geothermal water.  

This choice will be now explained and discussed in detail to understand why different 

possibilities were not considered. 

Ammonia 

For the double HP configuration with DHEX a parametric table was created to see the 

variation of the total COP with the variation of heat load for the two evaporators; in 

particular the changing variable is ℎ��,���, which is the intermediate enthalpy of the 

geothermal water between the enthalpy at the outlet of the DHEX  ℎ��,���� and the 

lower enthalpy at the exit temperature ℎ��,���. 

Its default value is given by: 

ℎ��,��� =
�ℎ��,���� + ℎ��,����

2
= 144,63 

Other parameters that are inserted in the table are the COPs of the 2 HPs, the optimal 

intermediate temperatures of the cycle, the evaporating capacities and their ratio ��, 

defined as: 

�� =
�����,�

�����,�
 

The configuration that is chosen to run the parametric table is the one with the 

temperature differences equal to 3 °C.  

From the parametric table it emerges that the case with ��=1 is not the case that provides 

the higher COP; in fact the best performance is obtained for ��=1.33, with the heat 

loads at the evaporators being respectively �����,� = 1556 �� and �����,� =

1170 ��. 
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Tab B.1 – Temperature differences and heat flux for every HEX 

 
 

In particular the increase compared to the basic case is from 6.240 to 6.266 (+0.33%).  

Even if the variation is quite small, I tried to perform the pinch optimization for this 

case, but eventually the resulting COP was smaller than the COP that was obtained with 

the default case: the case with equal capacity for the two evaporators provided an 

optimized COP equal to 6.39 while the case with ��=1.33 just resulted in a COP of 

6.31.  The explanation that I give for this is that the pinch method is more efficient 

when the condensing heat streams at constant temperature are of a similar size, because 

in that case the composite curves are more flexible to variations and integrations among 

the heat streams. Also the role played by the oil coolers becomes less relevant because 

the inlet temperature of the oil must be increased to 77 °C to respect the minimum 

temperature differences. 

 

R-1243zf 

The same procedure was followed for the case with R1243zf. 

From the table it emerges clearly that the highest COP is obtained for the two 

evaporating capacities very close to each other, so the choice that  has been made can 

be confirmed without relevant doubts. 

 
Tab B.2 – Temperature differences and heat flux for every HEX 
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Appendix C 

Not optimized configurations with 3°C as temperature 

difference results 

In this section the main results for the configurations with 2 HPs and DHEX (using a 

3°C temperature difference in every heat exchanger) are reported both for ammonia and 

R1243zf. 

In fact in the main report the results are given for the configurations with 5 °C 

temperature difference and then for the optimized configurations, but for the 

intermediate step only the overall COP has been mentioned. Here more complete results 

are summarized, to take into account also these configurations. 

Ammonia 

For ammonia the overall COP obtained with this configuration is 6.24. The heat load 

on the DHEX is �̇���� = 1475 ��. 

 

Tab C.1 – Main result for the non optimized ammonia configuration  

HP 1 HP 2 

��� 14 °� ��� 32.5 °� 

���� 40 °� ���� 56 °� 

����� 72.48 °� ����� 82.3 °� 

��� 7.1 bar ��� 12.5 bar 

���� 15.55 bar ���� 23.7 bar 

����� 35.05 bar ����� 43.5 bar 

��,��� �����  2.2 - ��,��� �����  1.88 - 

��,���� ����� 2.25 - ��,���� ����� 1.84 - 

�̇���,��� ����� 1.25 ��/� �̇���,��� ����� 1.341 ��/� 
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R1234ze(E) 

For R1234ze(E)  the overall COP obtained with this configuration is 6.276.The heat 

load on the DHEX is �̇���� = 1490 ��. 

Tab C.2 – Temperature differences and heat flux for every HEX 

�̇���,���� ����� 1.48 ��/� �̇���,���� ����� 1.428 ��/� 

�̇���,��� �����,����� 814 ��/ℎ �̇���,��� �����,����� 495.8 ��/ℎ 

�̇���,���� �����,����� 444.9 ��/ℎ �̇���,���� �����,����� 278.2 ��/ℎ 

�̇���� 1362 �� �̇���� 1362 �� 

�̇���� 1373 �� �̇���� 1225 �� 

�̇����� 173.3 �� �̇����� 164.2 �� 

�̇����� 242.8 �� �̇����� 220.9 �� 

COP 4.27 - COP 4.53 - 

HP 1 HP 2 

��� 14 °� ��� 32.5 °� 

���� 38 °� ���� 57 °� 

����� 74.9 °� ����� 82.7 °� 

��� 3.54 bar ��� 6.228 bar 

���� 7.26 bar ���� 11.87 bar 

����� 17.9 bar ����� 21.2 bar 

��,��� �����  2.05 - ��,��� �����  1.9 - 

��,���� ����� 2.47 - ��,���� ����� 1.791 - 

�̇���,��� ����� 9.77 ��/� �̇���,��� ����� 11.07 ��/� 

�̇���,���� ����� 12.84 ��/� �̇���,���� ����� 12.04 ��/� 
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R1243zf 

For R1234zf the overall COP obtained with this configuration is 6.245. The heat load 

on the DHEX is �̇���� = 1489 ��. 

Table C.3 – Temperature differences and heat flux for every HEX 

�̇���,��� �����,����� 1850 ��/ℎ �̇���,��� �����,����� 1193 ��/ℎ 

�̇���,���� �����,����� 1181 ��/ℎ �̇���,���� �����,����� 659.2 ��/ℎ 

�̇���� 1377 �� �̇���� 1377 �� 

�̇���� 1498 �� �̇���� 1263 �� 

�̇����� 175.8 �� �̇����� 176.8 �� 

�̇����� 280.5 �� �̇����� 163.6 �� 

COP 3.97 - COP 4.99 - 

HP 1 HP 2 

��� 14 °� ��� 32.5 °� 

���� 38 °� ���� 52 °� 

����� 74.6 °� ����� 82.4 °� 

��� 4.2 bar ��� 7.2 bar 

���� 8.4 bar ���� 11.9 bar 

����� 19.7 bar ����� 23.16 bar 

��,��� �����  1.99 - ��,��� �����  1.65 - 

��,���� ����� 2.35 - ��,���� ����� 1.95 - 

�̇���,��� ����� 8.89 ��/� �̇���,��� ����� 9.6 ��/� 

�̇���,���� ����� 11.8 ��/� �̇���,���� ����� 11.12 ��/� 

�̇���,��� �����,����� 1667 ��/ℎ �̇���,��� �����,����� 1042 ��/ℎ 
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�̇���,���� �����,����� 1105 ��/ℎ �̇���,���� �����,����� 714 ��/ℎ 

�̇���� 1375 �� �̇���� 1375 �� 

�̇���� 1451 �� �̇���� 1207 �� 

�̇����� 179.3 �� �̇����� 137.5 �� 

�̇����� 283.4 �� �̇����� 200.5 �� 

COP 3.922 - COP 5.019 - 
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Appendix D 

EES MODEL 

The  EES model for the best ammonia configuration is here attached. 

 

Fig. C.1 p-h diagram for the ammonia configuration with 2 HPs and DHEX 

 

 

$defaultarraysize 200 
Procedure thigh(T_max;T_min;DELTA_T;N:Thot[1..N];Tcold[1..N]) 
$Arrays On  
$common 
T_max;T_min;DELTA_T_int;T_dh_out;T_dh_in;N;Q_dot_cond1;Q_dot_cond2;Q_dot_oil1;Q_
dot_oil2;Q_dot_oil3;Q_dot_oil4;T_oil_in;T_oil_2;T_oil_3;T_oil_4;T_oil_1;T_cond2a;T_cond2b;
T_cond1a;T_cond1b;Q_dot_sc; 
Q_dot_sc2;Q_dot_dsh2;Q_dot_dsh1;Q_dot_dsh1_l;Q_dot_dsh2_l;T[3];T2[3];T[2];T2[2];T[8];T
2[8];T[5];T2[5];T_gw_dhex;T_gw_in;Q_dot_dhex; 
 "This procedures creates the temperature arrays for the hot and cold streams to calculate the 
temperature differences between the composite curves" 
"Hot streams temperature intervals definition" 
Thot[1]:=T_max 
i:=1 
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Repeat  
Tlow[i]:=Thot[i]-DELTA_T_int 
Thot[i+1]:=Thot[i]-DELTA_T_INT 
i:=i+1 
Until Thot[i]=T_gw_dhex 
thig=Thot[i] 
  
"Subcooling HP1 hot stream " 
i:=1 
Repeat 
If (Thot[i]>T_cond1b) or (Thot[i]<T[8]) Then 
Chot[i;1]=0 
Else 
p1=ceil(((T_COND1B-T[8]))/(DELTA_T_INT)) 
Chot[i;1]=Q_dot_sc/p1 
C1tot=sum(Chot[1..i;1]) 
Endif 
i=i+1 
Until i=N 
  
If C1tot<>Q_DOT_SC Then 
i:=1 
 Repeat 
If (Thot[i]>T_cond1b) or (Thot[i]<T[8]) Then 
Chot[i;1]=0 
Else 
p2=floor(((T_COND1B-T[8]))/(DELTA_T_INT)) 
Chot[i;1]=Q_dot_sc/p2 
C1tot=sum(Chot[1..i;1]) 
Endif 
i=i+1 
Until i=N 
Endif 
  
"Desuperheating low stage HP1 hot stream"  
i:=1 
Repeat 
If (Thot[i]<T[3]) or (Thot[i]>T[2])   Then 
Chot[i;2]=0 
Else 
d1=ceil((T[2]-T[3])/(DELTA_T_INT)) 
Chot[i;2]=Q_dot_dsh1_l/d1 
C2tot=sum(Chot[1..i;2]) 
Endif 
i=i+1 
Until i=N 
  
 If C2tot<>Q_DOT_DSH1_L Then 
i:=1 
Repeat 
If (Thot[i]<T[3]) or (Thot[i]>T[2])    Then 
Chot[i;2]=0 
Else 
d2=floor((T[2]-T[3])/(DELTA_T_INT)) 
Chot[i;2]=Q_dot_dsh1_l/d2 
C2tot=sum(Chot[1..i;2]) 
Endif 
i=i+1 
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Until i=N 
Endif 
  
"Subcooling HP2 hot stream" 
i:=1 
Repeat 
If (Thot[i]>T_cond2b) or (Thot[i]<T2[8]) Then 
Chot[i;3]=0 
Else 
p3=ceil(((T_COND2B-T2[8]))/(DELTA_T_INT)) 
Chot[i;3]=Q_dot_sc2/p3 
C3tot=sum(Chot[1..i;3]) 
Endif 
i=i+1 
Until i=N 
  
If C3tot<>Q_DOT_SC2 Then 
i:=1 
 Repeat 
If (Thot[i]>T_cond2b) or (Thot[i]<T2[8]) Then 
Chot[i;3]=0 
Else 
p4=floor(((T_COND2B-T2[8]))/(DELTA_T_INT)) 
Chot[i;3]=Q_dot_sc2/p4 
C3tot=sum(Chot[1..i;3]) 
Endif 
i=i+1 
Until i=N 
Endif 
  
  
"Desuperheating  low stage HP2 hot stream"  
i:=1 
Repeat 
If (Thot[i]<T2[3]) or (Thot[i]>T2[2])   Then 
Chot[i;4]=0 
Else 
d7=ceil((T2[2]-T2[3])/(DELTA_T_INT)) 
Chot[i;4]=Q_dot_dsh2_l/d7 
C4tot=sum(Chot[1..i;4]) 
Endif 
i=i+1 
Until i=N 
  
 If C4tot<>Q_DOT_DSH2_L Then 
i:=1 
Repeat 
If (Thot[i]<T2[3]) or (Thot[i]>T2[2]) Then 
Chot[i;4]=0 
Else 
d8=floor((T2[2]-T2[3])/(DELTA_T_INT)) 
Chot[i;4]=Q_dot_dsh2_l/d8 
C4tot=sum(Chot[1..i;4]) 
Endif 
i=i+1 
Until i=N 
Endif 
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"Condenser HP1 hot stream "  
i:=1 
Repeat 
If (Thot[i]>T_cond1a+DELTA_T_int) or (Thot[i]<T_COND1b) Then 
Chot[i;5]=0 
Else 
Chot[i;5]=Q_dot_cond1 
C5tot=sum(Chot[1..i;5]) 
Endif 
i=i+1 
Until i=N 
  
If C5tot<>Q_DOT_COND1 Then 
i:=1 
 Repeat 
If (Thot[i]>T_cond1a+DELTA_T_int) or (Thot[i]<T_COND1b) Then 
Chot[i;5]=0 
Else 
Chot[i;5]=Q_dot_cond1/2 
C5tot=sum(Chot[1..i;5]) 
Endif 
i=i+1 
Until i=N 
 Endif 
  
"Desuperheating HP1 hot stream"  
i:=1 
Repeat 
If (Thot[i]<T_cond1a+DELTA_T_int) or  (Thot[i]>T[5]) Then 
Chot[i;6]=0 
Else 
d3=ceil((T[5]-(T_COND1A+DELTA_T_INT))/(DELTA_T_INT)) 
Chot[i;6]=Q_dot_dsh1/d3 
C6tot=sum(Chot[1..i;6]) 
Endif 
i=i+1 
Until i=N 
  
 If C6tot<>Q_DOT_DSH1 Then 
i:=1 
Repeat 
If (Thot[i]<T_cond1a+DELTA_T_int) or  (Thot[i]>T[5])  Then 
Chot[i;6]=0 
Else 
d4=floor((T[5]-(T_COND1A+DELTA_T_INT))/(DELTA_T_INT)) 
Chot[i;6]=Q_dot_dsh1/d4 
C6tot=sum(Chot[1..i;6]) 
Endif 
i=i+1 
Until i=N 
Endif 
  
"Oil cooling low stage HP1 hot stream "  
i:=1 
Repeat 
If (Thot[i]<T_oil_in) or  (Thot[i]>T_oil_1) Then 
Chot[i;7]=0 
Else 
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m1=floor((T_OIL_1-T_OIL_IN)/(DELTA_T_INT)) 
Chot[i;7]=Q_dot_oil1/m1 
C7tot=sum(Chot[1..i;7]) 
Endif 
i=i+1  
Until i=N 
  
 If C7tot<>Q_DOT_OIL1 Then   "to check that the hot stream is divided between the intervals 
in the right way" 
i:=1 
 Repeat 
If (Thot[i]<T_oil_in) or  (Thot[i]>T_oil_1) Then 
Chot[i;7]=0 
Else 
m2=ceil((T_OIL_1-T_OIL_IN)/(DELTA_T_INT)) 
Chot[i;7]=Q_dot_oil1/m2 
C7tot=sum(Chot[1..i;7]) 
Endif 
i=i+1  
Until i=N 
Endif 
  
  
"Oil cooling low stage HP2 hot stream "  
i:=1 
Repeat 
If (Thot[i]<T_oil_in) or  (Thot[i]>T_oil_3) Then 
Chot[i;8]=0 
Else 
m3=floor((T_OIL_3-T_OIL_IN)/(DELTA_T_INT)) 
Chot[i;8]=Q_dot_oil3/m3 
C8tot=sum(Chot[1..i;8]) 
Endif 
i=i+1  
Until i=N 
  
 If C8tot<>Q_DOT_OIL3 Then   "to check that the hot stream is divided between the intervals 
in the right way" 
i:=1 
 Repeat 
If (Thot[i]<T_oil_in) or  (Thot[i]>T_oil_3) Then 
Chot[i;8]=0 
Else 
m4=ceil((T_OIL_3-T_OIL_IN)/(DELTA_T_INT)) 
Chot[i;8]=Q_dot_oil3/m4 
C8tot=sum(Chot[1..i;8]) 
Endif 
i=i+1  
Until i=N 
Endif 
  
  
"Oil cooling high stage HP1 hot stream"  
i:=1 
Repeat 
If (Thot[i]<T_oil_in) or  (Thot[i]>T_oil_2) Then 
Chot[i;9]=0 
Else 
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m5=floor((T_OIL_2-T_OIL_IN)/(DELTA_T_INT)) 
Chot[i;9]=Q_dot_oil2/m5 
C9tot=sum(Chot[1..i;9]) 
Endif 
i=i+1  
Until i=N 
  
 If C9tot<>Q_DOT_OIL2 Then   "to check that the hot stream is divided between the intervals 
in the right way" 
i:=1 
 Repeat 
If (Thot[i]<T_oil_in) or  (Thot[i]>T_oil_2) Then 
Chot[i;9]=0 
Else 
m6=ceil((T_OIL_2-T_OIL_IN)/(DELTA_T_INT)) 
Chot[i;9]=Q_dot_oil2/m6 
C9tot=sum(Chot[1..i;9]) 
Endif 
i=i+1  
Until i=N 
Endif 
  
  
"Oil cooling high stage HP2 hot stream"  
i:=1 
Repeat 
If (Thot[i]<T_oil_in) or  (Thot[i]>T_oil_4) Then 
Chot[i;10]=0 
Else 
m10=ceil((T_OIL_4-T_OIL_IN)/(DELTA_T_INT)) 
Chot[i;10]=Q_dot_oil4/m10 
C10tot=sum(Chot[1..i;10]) 
Endif 
i=i+1  
Until i=N 
  
If C10tot<>Q_DOT_OIL4 Then   "to check that the hot stream is divided between the 
intervals in the right way" 
i:=1 
 Repeat 
If (Thot[i]<T_oil_in) or  (Thot[i]<T_oil_4) Then 
Chot[i;10]=0 
Else 
m11=floor((T_OIL_4-T_OIL_IN)/(DELTA_T_INT)) 
Chot[i;10]=Q_dot_oil4/m11 
C10tot=sum(Chot[1..i;10]) 
Endif 
i=i+1  
Until i=N 
Endif 
  
  
"Condenser HP2 hot stream "  
i:=1 
Repeat 
If (Thot[i]>T_cond2a+DELTA_T_int) or (Thot[i]<T_COND2b) Then 
Chot[i;11]=0 
Else 
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Chot[i;11]=Q_dot_cond2 
C11tot=sum(Chot[1..i;11]) 
Endif 
i=i+1 
Until i=N 
  
If C11tot<>Q_DOT_COND2 Then 
i:=1 
 Repeat 
If (Thot[i]>T_cond2a+DELTA_T_int) or (Thot[i]<T_COND2b) Then 
Chot[i;11]=0 
Else 
Chot[i;11]=Q_dot_cond2/2 
C11tot=sum(Chot[1..i;11]) 
Endif 
i=i+1 
Until i=N 
 Endif 
  
"Desuperheating HP2 hot stream"  
i:=1 
Repeat 
If (Thot[i]<T_cond2a+DELTA_T_int)   Then 
Chot[i;12]=0 
Else 
d5=ceil((T_max-T_COND2A)/(DELTA_T_INT)) 
Chot[i;12]=Q_dot_dsh2/d5 
C12tot=sum(Chot[1..i;12]) 
Endif 
i=i+1 
Until i=N 
  
 If C12tot<>Q_DOT_DSH2 Then 
i:=1 
Repeat 
If (Thot[i]<T_cond2a+DELTA_T_int)   Then 
Chot[i;12]=0 
Else 
d6=floor((T_max-T_COND2A)/(DELTA_T_INT)) 
Chot[i;12]=Q_dot_dsh2/d6 
C12tot=sum(Chot[1..i;12]) 
Endif 
i=i+1 
Until i=N 
Endif 
  
"DHEX"  
i:=1 
Repeat 
If (Thot[i]<T_gw_dhex) or  (Thot[i]>T_gw_in) Then 
Chot[i;13]=0 
Else 
f2=ceil((T_GW_IN-T_GW_DHEX)/(DELTA_T_INT)) 
Chot[i;13]=Q_dot_dhex/f2 
C13tot=sum(Chot[1..i;13]) 
Endif 
i=i+1  
Until i=N 
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If C13tot<>Q_DOT_DHEX Then   
i:=1 
Repeat 
If (Thot[i]<T_gw_dhex) or  (Thot[i]>T_gw_in) Then 
Chot[i;13]=0 
Else 
f3=floor((T_GW_IN-T_GW_DHEX)/(DELTA_T_INT)) 
Chot[i;13]=Q_dot_dhex/f3 
C13ot=sum(Chot[1..i;13]) 
Endif 
i=i+1  
Until i=N 
  
Endif 
  
"Total hot stream for every temperature interval" 
i:=1 
Repeat 
CThot[i]=Chot[i;1]+Chot[i;2]+Chot[i;3]+Chot[i;4]+Chot[i;5]+Chot[i;6]+Chot[i;7]+Chot[i;8]+ 
Chot[i;9]+Chot[i;10]+Chot[i;11]+Chot[i;12]+Chot[i;13] 
i=i+1 
Until i=N 
  
i:=1 
Repeat 
Qsum=sum(CThot[1..13]) 
i=i+1 
Until i=N 
  
  
"Sum of hot streams for plotting" 
 i:=1 
j:=1 
Repeat 
If  i=1 Then  
Qheat[i]=5000 
Else  
Qheat[i]=5000-sum(CThot[1..j]) 
Endif 
i=i+1 
j=i-1 
Until i=N+1 
   
"Cold stream temperature intervals definition"  
i:=1 
Repeat  
Tcold[i]=30*Qheat[i]/5000 +50 
i:=i+1 
Until i=N+1 
  
End 
  
T_cond1a=T[7] 
T_cond1b=T[7] 
T_cond2a=T2[7] 
T_cond2b=T2[7] 
T_max=T2[5] 
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T_min=T_dh_in 
  
DELTA_T_int= (T_max-T_gw_dhex)/ (N-1) 
N=200 
  
  
  
" Call thigh(T_max;T_min;DELTA_T_int;N:deltaT[1..N])" 
 Call thigh(T_max;T_min;DELTA_T_int;N:Thot[1..N];Tcold[1..N]) 
"Temperature difference between hot streams and cold one"  
Duplicate j=1;N 
deltaT[j]=Thot[j]-Tcold[j] 
End 
  
DELTA_T_pinch1=min(deltaT[1..N]) 
DELTA_T_min=3 
  
  
"geothermal water " 
T_gw_in=73 [C] 
T_gw_out=16 [C] 
P_atm=1 [bar] 
  
"pinch temperature differences" 
  
DELTA_T_ev=2 [C] 
DELTA_T_cond1=3 
DELTA_T_cond2=3 
DELTA_T_pinch_dshl1=3 [C] 
DELTA_T_pinch_dshl2=3 [C] 
DELTA_T_pinch_sc1=3 [C] 
DELTA_T_pinch_sc2=3 [C] 
 DELTA_T_dhex=3 [C] 
  
"intermediate temperatures and optimal intermediate temperatures and pressures" 
T[10]=40 
T2[10]=56 
  
p_opt1=sqrt(p[1]*p[6]) 
T_opt1=temperature(ref$;P=p_opt1;x=0) 
  
p_opt2=sqrt(p2[1]*p2[6]) 
T_opt2=temperature(ref$;P=p_opt2;x=0) 
  
  
"screw compressors isentropic efficiencies" 
eta_is1=0,795 "model PR-P1830S-28" 
eta_is2=0,7  "model MMR-H17T-52" 
eta_is3=0,715 "model MMR-H13T-52" 
eta_is4=0,535  "model ER-D13T-52" 
  
"Oil inlet temperature" 
T_oil_in=75 [C] 
  
"screw compressors volumetric flowrates" 
V_dot_oil1=58*convert(l/min;(m^3)/s) 
V_dot_oil2=130*convert(l/min;(m^3)/s) 
V_dot_oil3=66*convert(l/min;(m^3)/s) 
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V_dot_oil4=170*convert(l/min;(m^3)/s) 
  
  
"district heating water" 
T_dh_out=80 [C] 
T_dh_in=50 [C] 
p_dh=5 [bar]  
Q_dot_dh= 5000   "design heating capacity (5000 kW) provided to the DH" 
Q_dot_cond+Q_dot_oil+Q_dot_dsh1_l+Q_dot_cond_2+Q_dot_dsh2_l+Q_dot_dhex=Q_dot_
dh  
h_dh_out=enthalpy(Water;T=T_dh_out;P=p_dh) 
h_dh_in=enthalpy(Water;T=T_dh_in;P=p_dh) 
Q_dot_oil=Q_dot_oil1+Q_dot_oil2+Q_dot_oil3+Q_dot_oil4 
  
"Refrigerant" 
ref$='ammonia' 
  
    
 "DHEX" 
T_gw_dhex=T_dh_in+DELTA_T_dhex 
Q_dot_dhex=m_dot_gw*(h_gw_in-h_gw_dhex)  
Q_dot_dhex=m_dot_dh*(h_dh_dhex- h_dh_in) 
h_gw_dhex=enthalpy(Water;T=T_gw_dhex;P=P_atm)   
h_dh_dhex=enthalpy(Water;T=T_dh_dhex;P=p_dh) 
  
"Low stage DSH HP1" 
Q_dot_dsh1_l=m_dot_dh*(h_dh_dsh1_l-h_dh_sc) 
Q_dot_dsh1_l=m_dot_ref_l*(h[2]-h[3]) 
h[3]=enthalpy(ref$;T=T[3];P=p[3]) 
h_dh_dsh1_l=enthalpy(Water;T=T_dh_dsh1_l;P=p_dh) 
T[3]=T_dh_sc+DELTA_T_pinch_dshl1 
  
  
"CONDENSER HP1" 
"T[6]=67" "assumption on the condensing temperature" 
"3 sections of condenser" 
Q_dot_cond=Q_dot_dsh1+Q_dot_cond1+Q_dot_sc 
Q_dot_cond1+Q_dot_dsh1=m_dot_dh*(h_dh_out1-h_dh_dsh2_l) 
h_dh_out1=enthalpy(Water;T=T_dh_out1;P=p_dh) 
Q_dot_dsh1=m_dot_ref_h*(h[5]-h[6]) 
h[6]=enthalpy(ref$;T=T[6];x=1) 
s[6]=entropy(ref$;T=T[6];h=h[7]) 
p[6]=pressure(ref$;T=T[6];x=1) 
T[6]=T[7] 
  
"2) condensing section of the heat exchanger" 
Q_dot_cond1=m_dot_ref_h*(h[6]-h[7]) 
h[7]=enthalpy(ref$;T=T[7];x=0) 
s[7]=entropy(ref$;T=T[7];x=0) 
p[7]=p[6] 
Q_dot_cond1=m_dot_dh*(h_dh_cond-h_dh_dsh2_l) 
h_dh_cond=enthalpy(Water;T=T_dh_cond;P=p_dh) 
T_dh_cond=T[7]-DELTA_T_cond1 
  
"3) subcooling section of the heat exchanger"  
T[8]=T_dh_dhex+DELTA_T_pinch_sc1 "assumption on the temperature of ammonia after 
subcooling" 
Q_dot_sc=m_dot_ref_h*(h[7]-h[8]) 
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Q_dot_sc=m_dot_dh*(h_dh_sc-h_dh_dhex) 
h_dh_sc=enthalpy(Water;T=T_dh_sc;P=p_dh) 
h[8]=enthalpy(ref$;T=T[8];P=p[7]) 
s[8]=entropy(ref$;T=T[8];P=p[7]) 
p[8]=p[7] 
  
  
"Evaporator HP1"  
h_gw_in=enthalpy(Water;T=T_gw_in;P=1) 
h_gw_out=enthalpy(Water;T=T_gw_out;P=1) 
h_gw_int=(h_gw_dhex+h_gw_out)/2 
T_gw_int=temperature(Water;h=h_gw_int;P=p_atm) 
Q_dot_evap1=m_dot_gw*(h_gw_int-h_gw_out) 
T[1]=T_gw_out-DELTA_T_ev "ammonia temperature at the inlet of the evaporator" 
P_amm=pressure(ref$;T=T[1];x=0) 
Q_dot_evap1=m_dot_ref_l * (h[1]-h[11]) 
h[1]=enthalpy (ref$;T=T[1];x=1) "Point 1 is after evaporation" 
s[1]=entropy(ref$;h=h[1];T=T[1]) 
p[1]=pressure(ref$;T=T[1];h=h[1]) 
  
"low stage compressor HP1" 
p[2]=p[3] "point 2 after compression" 
s[2]=s[1] 
h_is=enthalpy(ref$;P=p[2];s=s[2]) 
  
h[2;1]=(h_is-h[1])/eta_is1+h[1] 
W_dot_comp1=m_dot_ref_l*(h[2;1]-h[1]) "compressor power" 
T[2;1]=temperature(ref$;h=h[2;1];P=p[2]) 
T[2]=T_oil_1 
T_avg1=(T_oil_in+T_oil_1)/2 
h[2]=enthalpy(ref$;T=T_oil_1;P=p[2]) 
rho_avg1=density(Engine_oil_10W;T=T_avg1) 
cp_avg1=specheat(Engine_oil_10W;T=T_avg1) 
  
Q_dot_oil1=rho_avg1*cp_avg1*V_dot_oil1*(T_oil_1-T_oil_in) 
Q_dot_oil1=m_dot_dh*(h_dh_oil1_1-h_dh_out1) 
Q_dot_oil1=m_dot_ref_l*(h[2;1]-h[2]) 
h_dh_oil1_1=enthalpy(Water;T=T_dh_oil1_1;P=p_dh)  
  
  
"point 9 after 1st expansion device" 
h[9]=h[8] 
p[9]=p[2] 
T[9]=T[4] 
T[9]=T[10] 
  
"point 10 after intercooler" 
h[10]=enthalpy(ref$;T=T[10];x=0) 
s[10]=entropy(ref$;T=T[10];x=0) 
p[10]=p[2]  
p[4]=p[2] 
  
"point 11 after 2nd expansion device" 
h[11]=h[10]  
s[11]=entropy(ref$;T=T[1];h=h[11]) 
p[11]=p[1] 
T[11]=T[1] 
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"point 12 equal to point 1" 
h[12]=h[1] 
p[12]=p[1] 
  
"high stage compressor HP1" 
p[5]=p[7]  
s[5]=s[4] 
h_is2=enthalpy(ref$;P=p[5];s=s[4]) 
  
h[5;1]=(h_is2-h[4])/eta_is2+h[4] 
W_dot_comp2=m_dot_ref_h*(h[5;1]-h[4]) "compressor power" 
T[5;1]=temperature(ref$;h=h[5;1];P=p[5]) 
T[5]=T_oil_2 
T_avg2=(T_oil_in+T_oil_2)/2 
h[5]=enthalpy(ref$;T=T_oil_2;P=p[5]) 
rho_avg2=density(Engine_oil_10W;T=T_avg2) 
cp_avg2=specheat(Engine_oil_10W;T=T_avg2) 
  
Q_dot_oil2=rho_avg2*cp_avg2*V_dot_oil2*(T_oil_2-T_oil_in) 
Q_dot_oil2=m_dot_dh*(h_dh_oil1_2-h_dh_oil2_1) 
h_dh_oil1_2=enthalpy(Water;T=T_dh_oil1_2;P=p_dh) 
Q_dot_oil2=m_dot_ref_h*(h[5;1]-h[5]) 
h[4]=enthalpy(ref$;P=p[2];x=1) 
T[4]=temperature(ref$;P=p[2];x=1) 
s[4]=entropy(ref$;P=p[2];x=1) 
  
"Energy balance at the 1st intercooler" 
m_dot_ref_l*h[3]+m_dot_ref_h*h[9]=m_dot_ref_l*h[10]+m_dot_ref_h*h[4] 
  
"Volumes flowrates and pressure ratio 1 HP1" 
rho_ref1_in=density(ref$;T=T[1];x=1) 
V1_dot_ref1_in=m_dot_ref_l/rho_ref1_in*3600 
rho_ref1_out=density(ref$;T=T[2];P=p[2]) 
V1_dot_ref1_out=m_dot_ref_l/rho_ref1_out*3600 
v_i1=V1_dot_ref1_in/V1_dot_ref1_out 
r_p1=p[2]/p[1] 
  
"Volumes flowrates and pressure ratio 2 HP2" 
rho_ref2_in=density(ref$;T=T[4];x=1) 
V1_dot_ref2_in=m_dot_ref_h/rho_ref2_in*3600 
rho_ref2_out=density(ref$;T=T[5];P=p[7]) 
V1_dot_ref2_out=m_dot_ref_h/rho_ref2_out*3600 
v_i2=V1_dot_ref2_in/V1_dot_ref2_out 
r_p2=p[5]/p[2] 
  
 "!SECOND HEAT PUMP" 
  
 "Low stage DSH HP2" 
Q_dot_dsh2_l=m_dot_dh*(h_dh_dsh2_l-h_dh_sc2) 
Q_dot_dsh2_l=m_dot_ref_2l*(h2[2]-h2[3]) 
h2[3]=enthalpy(ref$;T=T2[3];P=p2[4]) 
h_dh_dsh2_l=enthalpy(Water;T=T_dh_dsh2_l;P=p_dh) 
T2[3]=max(T2[4];T_dh_sc2+DELTA_T_pinch_dshl2) 
p2[4]=pressure(ref$;T=T2[4];x=0)  
  
"CONDENSER" 
"T2[6]=85" "assumption on the condensing temperature" 
"3 sections of condenser" 
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Q_dot_cond_2=Q_dot_dsh2+Q_dot_cond2+Q_dot_sc2 
Q_dot_cond2+Q_dot_dsh2=m_dot_dh*(h_dh_out-h_dh_oil2_2) 
Q_dot_dsh2=m_dot_ref_2h*(h2[5]-h2[6]) 
h2[6]=enthalpy(ref$;T=T2[6];x=1) 
s2[6]=entropy(ref$;T=T2[6];h=h2[6]) 
p2[6]=pressure(ref$;T=T2[6];x=1) 
T2[6]=T2[7] 
  
"2) condensing section of the heat exchanger" 
Q_dot_cond2=m_dot_ref_2h*(h2[6]-h2[7]) 
h2[7]=enthalpy(ref$;T=T2[7];x=0) 
s2[7]=entropy(ref$;T=T2[7];x=0) 
p2[7]=p2[6] 
Q_dot_cond2=m_dot_dh*(h_dh_cond2-h_dh_oil2_2) 
h_dh_cond2=enthalpy(Water;T=T_dh_cond2;P=p_dh) 
T_dh_cond2=T2[7]-DELTA_T_cond2 
  
"3) subcooling section of the heat exchanger"  
T2[8]=T_dh_dsh1_l+DELTA_T_pinch_sc2 "assumption on the temperature of ammonia after 
subcooling" 
Q_dot_sc2=m_dot_ref_2h*(h2[7]-h2[8]) 
Q_dot_sc2=m_dot_dh*(h_dh_sc2-h_dh_dsh1_l) 
h_dh_sc2=enthalpy(Water;T=T_dh_sc2;P=p_dh) 
h2[8]=enthalpy(ref$;T=T2[8];P=p2[6]) 
s2[8]=entropy(ref$;T=T2[8];P=p2[7]) 
p2[8]=p2[7] 
  
"Evaporator 2"  
Q_dot_evap2=m_dot_gw*(h_gw_dhex-h_gw_int) 
T2[1]=T_gw_int-DELTA_T_ev  
P_amm2=pressure(ref$;T=T2[1];x=0) 
Q_dot_evap2=m_dot_ref_2l * (h2[1]-h2[11]) 
h2[1]=enthalpy (ref$;T=T2[1];x=1) "Point 1 is after evaporation" 
s2[1]=entropy(ref$;h=h2[1];T=T2[1]) 
p2[1]=pressure(ref$;T=T2[1];h=h2[1]) 
  
"Low stage compressor HP2" 
p2[2]=p2[3]  
s2[2]=s2[1] 
h_is3=enthalpy(ref$;P=p2[2];s=s2[2]) 
  
h2[2;1]=(h_is3-h2[1])/eta_is3+h2[1] 
W_dot_comp3=m_dot_ref_2l*(h2[2;1]-h2[1]) "compressor power" 
T2[2;1]=temperature(ref$;h=h2[2;1];P=p2[2]) 
T2[2]=T_oil_3 
T_avg3=(T_oil_in+T_oil_3)/2 
h2[2]=enthalpy(ref$;T=T_oil_3;P=p2[2]) 
rho_avg3=density(Engine_oil_10W;T=T_avg3) 
cp_avg3=specheat(Engine_oil_10W;T=T_avg3) 
  
Q_dot_oil3=rho_avg3*cp_avg3*V_dot_oil3*(T_oil_3-T_oil_in) 
Q_dot_oil3=m_dot_dh*(h_dh_oil2_1-h_dh_oil1_1) 
Q_dot_oil3=m_dot_ref_2l*(h2[2;1]-h2[2]) 
h_dh_oil2_1=enthalpy(Water;T=T_dh_oil2_1;P=p_dh) 
  
  
"Point 9 after 1st expansion device" 
h2[9]=h2[8] 



 

126 Optimization of heat pump for utilization of geothermal energy in district heating 

p2[9]=p2[2] 
T2[9]=T2[4] 
T2[9]=T2[10] 
  
"Point 10 after second intercooler" 
  
h2[10]=enthalpy(ref$;T=T2[10];x=0) 
s2[10]=entropy(ref$;T=T2[10];x=0) 
p2[10]=p2[2] 
  
 "point 11 after 1st expansion device" 
h2[11]=h2[10]  
s2[11]=entropy(ref$;T=T2[1];h=h2[11]) 
p2[11]=p2[1] 
T2[11]=T2[1] 
  
"point 12 equal to point 1" 
h2[12]=h2[1] 
p2[12]=p2[1] 
  
"High stage compressor HP2" 
p2[5]=p2[7]  
s2[5]=s2[4] 
h_is4=enthalpy(ref$;P=p2[5];s=s2[4]) 
  
h2[5;1]=(h_is4-h2[4])/eta_is4+h2[4] 
W_dot_comp4=m_dot_ref_2h*(h2[5;1]-h2[4]) 
T2[5;1]=temperature(ref$;h=h2[5;1];P=p2[5]) 
T2[5]=T_oil_4 
T_avg4=(T_oil_in+T_oil_4)/2 
h2[5]=enthalpy(ref$;T=T_oil_4;P=p2[5]) 
rho_avg4=density(Engine_oil_10W;T=T_avg4) 
cp_avg4=specheat(Engine_oil_10W;T=T_avg4) 
  
Q_dot_oil4=rho_avg4*cp_avg4*V_dot_oil4*(T_oil_4-T_oil_in) 
Q_dot_oil4=m_dot_dh*(h_dh_oil2_2-h_dh_oil1_2) 
Q_dot_oil4=m_dot_ref_2h*(h2[5;1]-h2[5]) 
h_dh_oil2_2=enthalpy(Water;T=T_dh_oil2_2;P=p_dh) 
  
h2[4]=enthalpy(ref$;P=p2[2];x=1) 
T2[4]=temperature(ref$;P=p2[2];x=1) 
s2[4]=entropy(ref$;P=p2[2];x=1) 
  
"Energy balance at the 2nd intercooler" 
m_dot_ref_2l*h2[3]+m_dot_ref_2h*h2[9]=m_dot_ref_2l*h2[10]+m_dot_ref_2h*h2[4] 
  
"Volumes flowrates and volume ratio 1 HP1" 
rho2_ref1_in=density(ref$;T=T2[1];x=1) 
V2_dot_ref1_in=m_dot_ref_2l/rho2_ref1_in*3600 
rho2_ref1_out=density(ref$;T=T2[2];P=p2[2]) 
V2_dot_ref1_out=m_dot_ref_2l/rho2_ref1_out*3600 
v_2i1=V2_dot_ref1_in/V2_dot_ref1_out 
r_2p1=p2[2]/p2[1] 
  
"Volumes flowrates and volume ratio 2 HP2" 
rho2_ref2_in=density(ref$;T=T2[4];x=1) 
V2_dot_ref2_in=m_dot_ref_2h/rho2_ref2_in*3600 
rho2_ref2_out=density(ref$;T=T2[5];P=p2[5]) 
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V2_dot_ref2_out=m_dot_ref_2h/rho2_ref2_out*3600 
v_2i2=V2_dot_ref2_in/V2_dot_ref2_out 
r_2p2=p2[6]/p2[2] 
  
 "COP HP" 
COP1=(Q_dot_cond+Q_dot_dsh1_l+Q_dot_oil1+Q_dot_oil2)/(W_dot_comp1+W_dot_comp2) 
COP2=(Q_dot_cond_2+ 
Q_dot_dsh2_l+Q_dot_oil3+Q_dot_oil4)/(W_dot_comp3+W_dot_comp4) 
  
  
"COP calculation"  
COP=(Q_dot_dh)/(W_dot_comp1+W_dot_comp2+W_dot_comp3+W_dot_comp4) 
  
"Q-T plots" 
  
Qdh[1]=0 
Qdh[2]=Q_dot_dhex 
Qdh[3]=Qdh[2]+Q_dot_sc 
Qdh[4]=Qdh[3]+Q_dot_dsh1_l 
Qdh[5]=Qdh[4]+Q_dot_sc2 
Qdh[6]=Qdh[5]+Q_dot_dsh2_l 
Qdh[7]=Qdh[6]+Q_dot_cond1 
Qdh[8]=Qdh[7]+Q_dot_dsh1 
Qdh[9]=Qdh[8]+Q_dot_oil1 
Qdh[10]=Qdh[9]+Q_dot_oil3 
Qdh[11]=Qdh[10]+Q_dot_oil2 
Qdh[12]=Qdh[11]+Q_dot_oil4 
Qdh[13]=Qdh[12]+Q_dot_cond2 
Qdh[14]=Qdh[13]+Q_dot_dsh2 
  
Tdh[1]=T_dh_in 
Tdh[2]=T_dh_dhex 
Tdh[3]=T_dh_sc 
Tdh[4]=T_dh_dsh1_l 
Tdh[5]=T_dh_sc2 
Tdh[6]=T_dh_dsh2_l 
Tdh[7]=T_dh_cond 
Tdh[8]=T_dh_out1 
Tdh[9]=T_dh_oil1_1 
Tdh[10]=T_dh_oil2_1 
Tdh[11]=T_dh_oil1_2 
Tdh[12]=T_dh_oil2_2 
Tdh[13]=T_dh_cond2 
Tdh[14]=T_dh_out 
  
 Tdhex[1]=T_gw_dhex 
Tdhex[2]=T_gw_in 
  
Qdhex[1]=0 
Qdhex[2]=Q_dot_dhex 
  
  
  
  
Tsc[1]=T[8] 
Tsc[2]=T[7] 
  
Qsc[1]=Q_dot_dhex 
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Qsc[2]=Q_dot_sc+Q_dot_dhex 
  
Tdsh[1]=T[3] 
Tdsh[2]=T[2] 
  
Qdsh[1]=Qsc[2] 
Qdsh[2]=Qsc[2]+Q_dot_dsh1_l 
  
  
Tsc2[1]=T2[8] 
Tsc2[2]=T2[7] 
  
Qsc2[1]=Qdsh[2] 
Qsc2[2]=Qsc2[1]+Q_dot_sc2 
  
Tdsh2[1]=T2[3] 
Tdsh2[2]=T2[2] 
  
 Qdsh2[1]=Qsc2[2] 
Qdsh2[2]=Qsc2[2]+Q_dot_dsh2_l 
  
Tcond1[1]=T[7] 
Tcond1[2]=T[6] 
Tcond1[3]=T[5] 
  
Qcond1[1]=Qdsh2[2] 
Qcond1[2]=Qcond1[1]+Q_dot_cond1 
Qcond1[3]=Qcond1[2]+Q_dot_dsh1 
  
Toil1[1]=T_oil_in 
Toil1[2]=T_oil_1 
  
Qoil1[1]=Qcond1[3] 
Qoil1[2]=Qoil1[1]+Q_dot_oil1 
  
Toil2[1]=T_oil_in 
Toil2[2]=T_oil_3 
  
Qoil2[1]=Qoil1[2] 
Qoil2[2]=Qoil2[1]+Q_dot_oil3 
  
Toil3[1]=T_oil_in 
Toil3[2]=T_oil_2 
  
Qoil3[1]=Qoil2[2] 
Qoil3[2]=Qoil3[1]+Q_dot_oil2 
  
Toil4[1]=T_oil_in 
Toil4[2]=T_oil_4 
  
Qoil4[1]=Qoil3[2] 
Qoil4[2]=Qoil3[2]+Q_dot_oil4 
  
Tcond2[1]=T2[7] 
Tcond2[2]=T2[6] 
Tcond2[3]=T2[5] 
  
Qcond2[1]=Qoil4[2] 



 

129 Appendix D 

Qcond2[2]=Qcond2[1]+Q_dot_cond2 
Qcond2[3]=Qcond2[2]+Q_dot_dsh2
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