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Abstract

The global demand for heat as the primary source of final energy underscores the

urgency of decarbonizing the heating sector to foster sustainability. Heat pumps are

crucial in achieving sustainability, particularly in district heating applications, offering

efficient centralized heating solutions. However, certain refrigerants used in heat

pumps have environmental implications, prompting the European Union to introduce

the F-Gas Regulation and PFAS Ban proposal to phase out harmful options.

This study focuses on performance analyses of natural and synthetic refrigerant

options applicable to heat pump systems with a heating capacity of 10 MW and above

in district heating applications. Comparative evaluations were conducted under five

distinct boundary conditions, using R134a as the current refrigerant. Moreover,

to understand performance variations caused by seasonal temperature changes,

additional general boundary conditions were introduced for further comparison.

The research demonstrates that R717(Ammonia) performs best among the tested

refrigerants, followed by R600a and R152a, with commendable results. However,

performance alone is insufficient for refrigerant selection. Safety analysis revealed

that despite its high performance, ammonia may not be a suitable choice due to its

toxic nature. Thus, when considering performance, technological compatibility, and

safety aspects, R152 or R600a refrigerants emerge as more appropriate options for

these applications.

The study highlights the importance of identifying environmentally friendly and

efficient refrigerants for heat pump systems in district heating applications. By

considering various performance scenarios and safety considerations, decision-makers

can make informed choices to decarbonize the heating sector effectively, contributing

to a more sustainable and eco-friendly world.

Keywords: heat pump, district heating, refrigerant, natural, synthetic
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Abstract

Den globala efterfrågan på värme som den primära källan till slutlig energi

understryker vikten av att ta bort koldioxid från värmesektorn för att främja

hållbarhet. Värmepumpar är avgörande för att uppnå hållbarhet, särskilt i

fjärrvärmeapplikationer, och erbjuder effektiva centraliserade värmelösningar. Vissa

köldmedier som används i värmepumpar har dock miljökonsekvenser, vilket får

EU att införa F-gasförordningen och PFAS-förbudsförslaget för att fasa ut skadliga

alternativ.

Denna studie fokuserar på prestandaanalyser av

naturliga och syntetiska köldmediealternativ som är tillämpliga på värmepumpsystem

med en värmekapacitet på 10 MW och mer i fjärrvärmeapplikationer. Jämförande

utvärderingar utfördes under fem distinkta gränsförhållanden, med användning av

R134a som aktuellt köldmedium. Dessutom, för att förstå prestandavariationer

orsakade av säsongsbetonade temperaturförändringar, introducerades ytterligare

allmänna randvillkor för ytterligare jämförelse.

Forskningen visar att R717(Ammoniak) presterar bäst bland de testade köldmedierna,

följt av R600a och R152a, med lovvärda resultat. Enbart prestanda är dock otillräcklig

för val av köldmedium. Säkerhetsanalys visade att trots dess höga prestanda kanske

ammoniak inte är ett lämpligt val på grund av dess giftiga natur. Sålunda, när man

överväger prestanda, teknisk kompatibilitet och säkerhetsaspekter, framstårR152 eller

R600a som mer lämpliga alternativ för dessa applikationer.

Studien belyser vikten av att identifiera miljövänliga och effektiva köldmedier

för värmepumpsystem i fjärrvärmeapplikationer. Genom att överväga olika

prestationsscenarier och säkerhetsöverväganden kan beslutsfattare göra välgrundade

val för att minska koldioxidutsläppen från värmesektorn på ett effektivt sätt, vilket

bidrar till en mer hållbar och miljövänlig värld.
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Acronyms

Cp: Specific Heat

CFC: ChloroFluoroCarbons

COP: Coefficient of Performance

εis: Isentropic work of compression

FOM: Factor of Merit

GWP: Global Warming Potential

HC:Hydrocarbons

HCFC:HydroChloroFluoroCarbons

HFC:Hydrofluorocarbons

HFO:Hydrofluoroolefins

hfg: Heat of vaporization

IHX: Internal Heat Exchanger

kvapor: Liquid thermal conductivity

kliquid: Vapor thermal conductivity

LCCP: Life-cycle Climate Perfor-

mance

LMTD: Logarithmic mean temperature

difference

M:Molar Mass

mref: Refrigerant - mass flow

mwater: Water - mass flow

ODP: Ozone Depletion Potential

Q:Heat flow

qv: Volumetric refrigerating effect

Tcr: Critical temperature

Tnbp: Normal boiling point

Ttr: Triple point temperature

VP: Värmepump

ηCarnot: Carnot efficiency

ηIHX: Internal heat exchanger effi-

ciency

μ: dynamic viscosity

ρvapor: Liquid density

ρliquid: Vapor density

Δp: Pressure drop
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Chapter 1

Introduction

1.1 Introduction

The energy sector significantly impacts the climate change problem, one of the most

critical challenges our world faces today. It is responsible for approximately two-thirds

of the detrimental greenhouse gas emissions, primarily contributing to this problem. It

is essential to significantly reduce these emissions to tackle climate change effectively,

and this can only be done by gradually phasing out fossil fuels from our energy mix

[1].

The primary source of final energy use worldwide is heat. According to recent figures,

nearly half of the energy consumed worldwide in 2021 is used for heating. Heat

finds its applications in both industrial processes and buildings. Industrial processes

account for approximately 51% of heat usage, while space heating, hot water supply,

and cooking in buildings comprise approximately 46%. The remainder is distributed

across several industries, with agricultural uses accounting for a sizeable share of its

usage [2].

An important factor in rising electricity usage is cooling applications. Since 2000, the

demand for space cooling has been increasing at about 4% annually. Currently, 16%

of the electricity used in buildings goes toward cooling, which accounts for 10% of all

electricity used worldwide [3].

In Europe, the demand for heating and cooling mirrors the global situation. The

greatest energy-consuming sector in Europe is the heating industry, which accounts for
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CHAPTER 1. INTRODUCTION

more than 50%of the continent’s yearly final energy consumption. The following graph

provides information on the sources of Europe’s need for heat. Notably, natural gas

provides approximately half of Europe’s energy demands for heating, with fossil fuels

like coal and oil also having a sizable impact. District heating accounts for 12% of the

European heat market. Different energy sources are used to provide district heating,

and more than one third of this energy is obtained from renewable and bioenergy

sources. [4].

Figure 1.1.1: Sources of Heating Supply in Europe [4]

The cooling sector is generally powered by using electrical energy [4].

District heating has been a popular policy choice, particularly in the heating industry,

in the face of growing worries about climate change and energy security. These

technologies provide an efficient way to increase energy security and lower pollution

in Europe. District heating has the ability to significantly reduce greenhouse gas

emissions by providing effective large-scale heat production and distribution if

sustainable energy sources are used. Additionally, it makes it easier to include

other energy sources, such as waste heat and renewables, which further reduces

emissions.

Additionally, district heating improves energy security by minimizing reliance on

certain fossil fuels and diversifying energy sources. It offers a dependable and robust

heating infrastructure, reducing risks brought on by interruptions in the fuel supply or

price fluctuation.

2



CHAPTER 1. INTRODUCTION

These benefits have led to a growing understanding among policymakers that district

heating may help Europe achieve its energy security and climate change goals. A

more sustainable and secure energy future for the continent can result from continued

support for and investment in district heating infrastructure [5].

District heating and cooling is an essential solution in this respect because the basic the

idea in district heating and cooling systems is to utilize local fuel and any wasted heat

source and integrate renewable energy into these systems. These systems enable the

utilization of excess heat from industry, the integration of renewable energy sources

such as geothermal and solar thermal heat, as well as the wide use of solutions such as

combined heat and power (CHP) and Waste-to-Energy (WTE) [6, 7].

The Heat Roadmap Europe effort, which involves 14 European nations and accounts

for 90% of the heat market on the continent, emphasizes the importance of district

heating and cooling systems. By increasing district heating’s market share by a

significant 50%, this strategic initiative hopes to significantly reduce the amount of

primary energy used for heating as well as CO2 emissions. By adopting increased

district heating, Europe may increase energy efficiency while significantly reducing its

carbon footprint.

Another essential project goal is to alter the district heating and cooling systems.

Reduced reliance on combined heat and power (CHP) plants and increased support for

using heat pumps for district heating and cooling are two examples of how to do this.

Heat pumps provide a more environmentally responsible and long-lasting option by

employing renewable energy sources and increasing overall energy efficiency [8].

In particular, Sweden, Finland, and Denmark serve as crucial case studies for the

district heating and cooling project. District heating and cooling systems have been

used in these nations for a very long time [5].

Sweden was a pioneer in the application of district heating technology in 1948, and in

1992 it introduced district cooling technology. With about 500 district heating and

cooling plants operating today, this technology is widely used nationwide in major

cities and villages [9].

3



CHAPTER 1. INTRODUCTION

(a) Residential and Service Sector (b) Industry

Figure 1.1.2: Final Energy Use in Different Sectors in Sweden (2020) [11]

A sizable share of Sweden’s district heating and cooling plants generate heat energy

using heat pumps. This situation is attributable to the efficient conversion of excess

electricity generated from investments in nuclear energy during the 1980s into thermal

energy utilizing heat pumps. Swedish district heating systems were converted into

high-capacity power-to-heat solutions by installing large-scale heat pumps. A total of

1527MWof large-scale heat pumpswith capacities ranging from 1 to 50MWhave been

installed over the years, with 80% of that capacity still being used today [10].

The importance of district heating in the residential and service sectors is evident when

looking at Sweden’s ultimate energy consumption. In order to meet the heating needs

of these industries, district heating plays a crucial role, accounting for 44 TWh of the

total energy consumed [11].

The successes and experiences of Scandinavian nations, like Sweden, in district heating

offer insightful information and serve as an example for the widespread adoption and

success of projects with a similar goal of increasing energy efficiency and lowering

emissions.

The share of this technology in the industry is low and is around 3 TWh [11].

1.2 Background

Stockholm Exergi is one of Sweden’s major district heating and cooling companies,

providing district heating, and cooling services to the Stockholm region. They also

produce electricity and provide electricity to electricity companies. They use diverse

4



CHAPTER 1. INTRODUCTION

sources to produce heat and electricity, including natural gas, biomass, waste, and

heat pumps. The company manages several district heating and cooling networks

in Stockholm, and these plants are shown in Figure 1.2.1. The heating and cooling

from these plants are transferred to buildings and houses through a network of pipes

[12].

Figure 1.2.1: Stockholm Exergi’s District Heating and Cooling Plants [13]

Stockholm Exergi has worked hard in recent years to improve sustainability and

achieve the goals of being completely fossil-free by 2025 and net-zero by 2032.

The business concentrates on enhancing current systems, utilizing renewable energy

sources more frequently, and researching new technologies to meet this ambitious

goal.

Heat pumps are amajor piece of equipment that StockholmExergi uses in its numerous

plants to provide heating and cooling. The company undertakes studies and research

on heat pumps to meet its sustainability goals and adhere to European Union F-GAS

refrigerant laws.

Within the scope of this research, Stockholm Exergi specifically looked for solutions

for two separate plants: Värtverket and Hammarbyverket. The subject of this thesis

was formed in this direction. In this thesis, the heat pumps in the two plants identified

are examined, and a study has been carried out to find the most suitable refrigerant

5



CHAPTER 1. INTRODUCTION

for these heat pumps to comply with the new EU F-Gas regulations and EU PFAS ban

[14].

1.3 Aims and objective of the study

This thesis aims to discuss how large-scale heat pumps used in Stockholm Exergi’s

Värtaverket and Hammarbyverket plants can be modified to conform with the

new F-GAS Regulations of the European Union. The study thoroughly evaluates

heat pump systems’ performance while considering various natural and synthetic

refrigerants.

Evaluation of the viability of employing alternative refrigerants is a key component

of the study. The thesis examines whether the current heat pump systems can

be converted to the new refrigerant or if installing new heat pump systems is

required if a refrigerant replacement is considered necessary to satisfy regulatory

requirements.

The performance of the heat pump systems will be carefully examined to assess

the viability of refrigerant replacement. This analysis considers elements including

capacity, environmental effect, and energy efficiency.

Based on the findings, the thesis will provide recommendations regarding the

adaptability of the existing heat pump systems and the potential need for new

installations. This study will assist Stockholm Exergi in making informed decisions on

the necessary modifications or replacements to align with the European Union F-GAS

Regulations and European Union PFAS ban while maintaining their district heating

plants’ optimal functioning and efficiency.

The study aims to fill a significant gap in the existing literature by conducting

performance evaluations specifically focused on natural refrigerants for heat pumps of

10MWand larger scale and synthetic refrigerants within the same capacity range. This

research will strive to address this knowledge gap and provide valuable insights into

the performance evaluation of both natural and synthetic refrigerants in large-scale

heat pump systems. The questions to be answered in this study are as follows;

• What are the performance characteristics and considerations of synthetic and

natural refrigerants in heat pumps on the scale of 10 MW and larger ? The study

6



CHAPTER 1. INTRODUCTION

analyzed the energy efficiency, capacity, and other relevant factors associated

with synthetic and natural refrigerants in large-scale heat pump systems.

• If a refrigerant replacement is necessary to comply with the European Union

F-GAS Regulations and PFAS ban, can the existing heat pump systems

accommodate the new refrigerants? If not, what are the implications of installing

new heat pump systems?

By addressing these research questions, the study aims to add to the body of knowledge

and assist Stockholm Exergi and comparable organizations in their decision-making

processes by offering insightful information on the performance evaluation of natural

and synthetic refrigerants in large-scale heat pump systems.

1.4 Methodology

The study comprises six stages, each contributing to a comprehensive analysis of

the heat pump system’s performance and refrigerant options. These stages are as

follows:

• Literature Review: To learn more about different refrigerant alternatives,

heat pumpcycle designs, and components appropriate for particular refrigerants,

a thorough examination of the current literature was done. This phase allows us

to establish a solid basis for the study and understand the field’s current state.

• Data collection: StockholmExergi provided the information needed to analyze

the current heat pump system and develop boundary conditions. This data was

an essential input for the stages of the study that came after.

• Modeling: To mimic the behavior of the heat pump system, the heat pump

models were created using software programs including Engineering Equation

Solver (EES), IMST - ART, and Excel. In this way, the effectiveness of

various refrigerant alternatives and the investigation of numerous situations

were evaluated thanks to these models.

• Results and Analysis: Following the modeling phase, information on the

efficiency of the heat pump system utilizing various refrigerants is gathered.

Understanding the system’s behavior and identifying areas for enhancement or

modification required these results.

7



CHAPTER 1. INTRODUCTION

Using programs like MATLAB and Python, the results were thoroughly

visualized. At this step, various refrigerant choices were analyzed technically and

compared for efficiency, capacity, and environmental impact.

• Drawing Conclusions: The best refrigerant solutions for the heat pump

systemwere determined based on the results and analysis. These findings would

assist Stockholm Exergi and researchers working on related cases in reaching

wise judgments and implementing improvements to satisfy sustainability and

regulatory objectives.

Figure 1.4.1: Methodology Steps

This comprehensive methodology has allowed to gain valuable insights into the

performance of the heat pump system with various refrigerants and to provide

actionable recommendations for Stockholm Exergi.

1.5 Limitations

Similar to any thorough academic investigation, there are a few restrictions that

need to be taken into account in any research project. Data comes out as one of

these components’ main limitations. Various measurement mistakes and deficiencies

within the data-gathering procedure appeared as significant barriers, particularly

when evaluating the pre-existing heat pump system. The limited data availability at

different points in the study also added to the general limitations.

Due to the high capacity of the heat pumps used in this study, it was determined

that including economic variables was not practicable, leading to their manufacturing

8
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being primarily customized to fulfill specific customer demands. Due to the study’s

constraints caused by these economic issues, an economic evaluation could not be

successfully carried out. As a result, the evaluation of cycle performance was the sole

focus of the assessments.

Time restrictions are yet another significant limitation of this investigation. The

selection of appropriate cycles for each refrigerant throughout examining numerous

refrigerants and the following conclusions were derived throughmodeling efforts. It is

important to stress that system design is unique and that the connections between heat

pumps are critical in determining how well the system functions. A thorough design

incorporating heat pump integration is essential to achieving the best performance.

The assessments were regrettably limited to the cycle performances of individual heat

pumps, carried out under the predefined boundary conditions and unique to each

refrigerant due to the time constraints inherent in this study.

9



Chapter 2

Theoretical Background

2.1 District Heating System

District Heating (also known as Heat Networks) is a network that uses underground

pipelines to provide the hot water produced from a center to the consumers and meet

their heat needs. These heat networks serve large areas and can even reach levels to

provide heating service to the entire city, or they can be on a scale that covers a smaller

area and serves this region. In this way, it eliminates the need for boilers or electric

heaters, which are needed tomeet the heating need in each building. It can also be seen

that these networks are defined as ”central heating for cities” in some places.

The center where the heat is produced is often called the ”energy center”. When these

centers, including power plants, were first installed and used for heating purposes,

production was carried out with limited resources. The resources used were limited

to oil, coal, and gas. Still, the resources used for heat generation were increased due

to the developing technology and the efforts to provide energy more sustainably. The

following resources are available today [15].

• Energy from waste (EfW) facilities

• Electric boilers

• Industrial processes

• Fuel cells

• Biomass and biogas fuelled boilers and Combined Heat and Power (CHP) plants

• Gas-fired CHP units

10



CHAPTER 2. THEORETICAL BACKGROUND

• Heat pumps

• Geothermal sources

• Solar thermal systems

• Solar PV and Wind Energy

Figure 2.1.1: District Heating’s Technological Development [16]

Thanks to these technologies, the heat energy produced is separated from the energy

center with the help of pipes, and distribution is provided. A small gas boiler and

a heat exchanger of similar dimensions are used to connect this network for each

building. The heat this heat exchanger receives provides heating and hot water in the

building.

District heating networks can be of various capacities and integrated according to

different building type combinations. If the need for these systems increases over time,

this network can be expanded, and new heat sources can be added to these centers to

meet the desired demand [15].

11



CHAPTER 2. THEORETICAL BACKGROUND

Figure 2.1.2: District Heating Network Design [17]

2.2 Heat Pump System

Heat pumps work by switching the direction of heat energy’s natural flow—from a

colder environment to a warmer one. They need outside energy, usually electricity,

to make this happen. These appliances, also called vapor-compression refrigeration

systems, are designed for optimum efficiency in HVAC applications. One of their main

benefits is that they can be used for both cooling and heating, which is one of their

reversibility [18].

Heat pumps are made to transport heat effectively while using less high-end energy

than they produce in heat. They draw most of the heat energy needed for heating

from the outside environment, with only a small amount coming from electricity. Heat

pumps powered by electricity can transmit three to four times as much heat as they

use in power. They are popular for heating applications because of their high energy

efficiency.

A vital component known as the refrigerant is necessary to transfer heat in a heat pump

system effectively. This fluid flows throughout the system by absorbing heat during

evaporation in the evaporator and releasing it during condensation in the condenser.

12



CHAPTER 2. THEORETICAL BACKGROUND

As it travels through the pipes bridging the evaporator and the condenser during

this procedure, the refrigerant permits effective thermal energy transmission across

considerable distances. It makes the entire heat movement within the heat pump

system easier and plays a crucial part [19].

Figure 2.2.1: Basic Heat Pump Cycle

The system has four elements: compressor, evaporator, expansion valve, and

condenser. In addition, a fluid called refrigerant is used to transfer heat, as previously

shared. The step-by-step operation of heat pumps takes place as follows;

• Heat absorption: After the Expansion Valve, the refrigerant at low

temperature, low pressure, and liquid/vapor mixture. With the help of this

evaporator, heat absorption from air, water, or soil is realized according to

the heat source used. Thanks to the heat transferred to the refrigerant, the

refrigerant takes the form of low pressure, low is transferred to the evaporator

temperature, and slightly superheated vapor when leaving the evaporator.

• Compression: The refrigerant is transferred from the evaporator to the

compressor at low temperature, low pressure, and slightly superheated vapor.

The electrically operated compressor is used to compress the refrigerant gas. In

this way, increasing the temperature and pressure of the refrigerant increases its

ability to absorb heat.

13
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• Condensation: The refrigerant separated from the compressor as high

pressure, high temperature, and superheated vapor is transferred to the

condenser. With the help of the condenser, the energy stored in the refrigerant

is transferred to the other fluid, and the environment is heated.

• Expansion: The condensed refrigerant then passes through an expansion valve

or a throttling device, which reduces its pressure and temperature. This causes it

to become a low-pressure, low-temperature liquid, ready to start the cycle again.

After the heat transfer process in the condenser, the refrigerant becomes high-

pressure, slightly cooler, and liquid and is transferred to the expansion valve. After

the expansion in the expansion valve, the refrigerant is converted into low pressure,

low temperature, and liquid/vapor and transferred to the evaporator.

Heating is provided by repeating this cycle. For this, electrical energy is supplied to

the compressor, and thus heat can be transported from one place to another. The heat

pump can be used for both cooling and heating purposes by changing the direction of

the cycle according to the need [19].

There are different types of heat pumps according to the heat source. These are air

source, water source, and ground source heat pumps.

Air Source Heat Pumps

Air source heat pumps are systems that extract heat from the outdoor air and use this

energy to heat the indoor environment. These systems can be installed entirely inside

or outside the building.

The advantage of these systems is that they can operate in a very large temperature

range. This operating temperature includes temperatures below freezing temperature.

The disadvantages of these systems are that the system performance changes

depending on the outdoor temperature. The system performance decreases, especially

when the outdoor temperature is low [20].

Water Source Heat Pumps

Water source heat pumps provide the heat used in the system from water sources.

Groundwater, surface, sea, or sewage water are water sources. The water source heat

pump first gathers the available heat from the water source to begin the heat transfer
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process. The refrigerant in the heat pump system absorbs this heat energy, typically via

a heat exchanger. The temperature of the refrigerant rises as it moves through the heat

exchanger and absorbs heat from the water source. Then this heat energy provided to

the refrigerant is increased to the desired level with the help of the compressor and

used for heating the indoor environment.

The advantage of these systems is that they can provide more consistent heating and

cooling. This is because the temperature of the water source does not change as rapidly

as the outdoor temperature. In this way, the system can operate at a certain level of

consistency for a long time [21].

Ground Source Heat Pump

Ground source heat pumps utilize the ground as their primary heat source, similar

to air and water source heat pumps. In the case of ground source heat pumps,

heat absorption from the ground is facilitated through underground pipes. These

underground pipes, known as ground loops, contain fluid that circulates to capture

the heat from the ground. Subsequently, a heat exchanger transfers this absorbed

heat from the fluid to the refrigerant in the evaporator section of the heat pump. This

process results in an elevation of the refrigerant’s temperature. Following this initial

stage, the subsequent steps involved in operating ground source heat pumps remain

analogous to those utilized in other heat pump systems.

The advantages of this type of heat pump are similar to those of water-source heat

pumps. And these systems are that they can provide more consistent heating and

cooling. This is because the temperature of the ground source does not change as

rapidly as the outdoor temperature. In addition, since the ground temperature is

generally higher than the outdoor andwater temperatures during the winter, such heat

pump systems can perform better than the other two alternatives throughout the year,

especially in cold climates [22].
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2.3 Heat Pump Usage for District Heating and

Cooling

Switzerland was one of the first countries to use high-capacity heat pumps for district

heating 1942. As a result of the oil crisis in the 1970s, numerous options to address

heating needs were investigated. In particular, the Scandinavian nations adopted

high-capacity heat pumps for district heating. Today, interest in these applications

is growing as the severity of the climate situation becomes more apparent [10].

Transitioning from natural gas to electric heating systems and decarbonized electricity

grids is a known approach for low-carbon heat conduction. High-capacity heat pumps

have become a crucial choice [23]. Heat pumps are more efficient than conventional

heating methods, providing three or more times the heat for every unit of power

used. As a result, heat pumps are a green option, especially when fueled by renewable

resources. The EHPA projects that heat pumps will help the EU cut CO2 emissions by

9.16 million tonnes yearly.

Additionally, adding high-capacity heat pumps to the district heating system can

increase efficiency using low-energy alternative heat sources (such as data centers and

industrial waste heat). With the help of this strategy, heat pumps can use heat energy

from unusual sources, which enhances operational performance [24].

Additionally, district heating networks can use heat pumps to incorporate alternative

heat sources, including geothermal, solar, and waste energy [24].

Current efforts include developing 5thGeneration district heating systems tomaximize

the use of heat pumps. Recent research strives to seamlessly integrate renewable

energy sources, thermal energy storage systems, waste heat usage, and heat pumps

to achieve optimal district heating operations. This pursuit promises economic and

environmental benefits by significantly enhancing the efficiency of district heating

systems with heat pumps [25].
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Figure 2.3.1: Heat Pump Usage for District Heating and Cooling [26]

2.4 Stockholm Exergi’s Current Heat Pump

System

Stockholm Exergi, a well-known district heating provider in Stockholm, runs

five different plants. However, two of these facilities, namely Värtverket and

Hammarbyverket, received special attention for this study. Notably, heat pumps are

part of the heat supply at these facilities, in addition to the many conventional heat

sources used for district heating. The study’s objectives included evaluating potential

alternative strategies thatmight be used and conducting thorough investigations of the

heat pumps used in these sites.

Figure 2.4.1: Stockholm Exergi’s District Heating and Cooling Plants - 2 [27]
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2.4.1 Värtverket

Värtaverket has a total supplied fuel and electrical power capacity of approximately

2775 MW. About 2440 MW is added fuel output out of the total power capacity.

Additionally, there are electric boilers for heat production atNimrod andRopsten, with

an installed supplied capacity of approximately 230 MW.

The heat pumps at Ropsten and Nimrod have a supplied electrical capacity of about

105 MW and produce a heat output of approximately 340MW. The installed electrical

power capacity for electricity production is about 430MW. Furthermore, the installed

cooling capacity in the district cooling plant at Nimrod is approximately 50 MW.

In total, including Ropsten, there is an installed cooling capacity of up to 125 MW

[27].

Figure 2.4.2: Stockholm Exergi’s Värtaverket Plant [28]

The heating plant in Ropsten is located on the Northern quay at Lilla Värtan. It is

divided into Ropsten 1, 2, and 3 (VVRn 1, 2, 3). The refrigerants used in Ropsten’s heat

pumps and cooling machines are R134a (HFC). The ozone-depleting potential (ODP)

for the refrigerant R134a is zero. However, it does impact the greenhouse effect with

a Global Warming Potential (GWP) of 1430, while carbon dioxide (CO2) has a GWP of

1.

At the heat pump facilities Ropsten 1, 2, and 3, refrigerant detection equipment

continuously monitors any potential leakage to the air, water and district heating. In

other facilities, there are alarms indicating refrigerant leakage into the air. In Ropsten

1 and 2, two electric boilers heat the district heating water. In Ropsten 3, apart from
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heat pumps, there is a facility for the production of district cooling. This primarily

utilizes the cooling effect of seawater to cool down the water circulating in the district

cooling network [27]. Table 2.4.1 summarizes the characteristics of the facilities.

Table 2.4.1: Stockholm Exergi’s Värtaverket Plant [27]

2.4.2 Hammarbyverket

Hammarbyverket consists of heat pumps, a district cooling plant, electric boilers, and

oil boilers. The heat pumps are responsible for the basic heat production for the district

heating network, and the other units are responsible for reserve and peak production.

There are seven heat pumps, one of approx. 25 MW, four of approx. 30 MW each and

two of approx. 40 MW each. Four heat pumps were put into operation in 1986, and

the fifth was put into operation in 1991. In 1997 two more heat pumps were put into

operation. In 1998, the district cooling plant of approximately 23 MW was put into

operation. Today, two of the heat pumps are also rebuilt as cooling machines during

the summer at approx. 40 MW.

Purified sewage water from Henriksdal’s treatment plant is led in rock tunnels to

a basin placed under the heat pumps in Hammarbyverket. From this basin, the
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cleaned sewage water is pumped further to the heat pumps’ evaporator. In the

evaporators, the wastewater is cooled at the same time as the refrigerant absorbs heat

and evaporates. The pressure in the vaporized refrigerant is then increased in an

electrically driven compressor where the refrigerant vapor is cooled by district heating

water and condenses in a condenser [29].

Figure 2.4.3: Stockholm Exergi’s Hammarbyverket Plant [30]

The facility’s seven heat pumps use the chlorine-free refrigerant R134a. The ozone-

depleting potential (ODP) for the refrigerant R134a is 0. However, it does impact

the greenhouse effect with a Global Warming Potential (GWP) of 1430, while carbon

dioxide (CO2) has a GWP of 1. Each heat pump contains approximately 23 tons of

refrigerant. To even out the diurnal variations and thereby provide smoother operation

of the facility, two hot water accumulators are connected to the Hammarbyverket’s

district heating network. The accumulators each hold 2400 m3:

The oil boilers, commissioned in 1987, were initially firedwith fossil fuel oil. Today, the

fuel in the oil boilers is bio-oil. The boilers are equipped with rotary burners, and the

boiler output has been upgraded from80MWto 100MWeach in 2003. The upgrading

of the oil boilers has resulted in better utilization of the heat pumps (VP) with higher

efficiency, as the heat from the VP is spiked by the oil boilers to provide high-grade

heat to the district heating network [29]. Table 2.4.2 summarizes the characteristics

of the facilities.
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Table 2.4.2: Stockholm Exergi’s Hammarbyverket Plant [29]

2.5 Refrigerant

Various environmental indicators, types of refrigerants, and refrigerant laws are

discussed in this section.

2.5.1 Environmental Indicators

Four different metrics can be used when evaluating refrigerants for their effects on the

environment. These metrics are [31];
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• Global Warming Potential (GWP)

• Total Equivalent Warming Impact (TEWI)

• Life-cycle Climate Performance (LCCP)

• Ozone Depletion Potential (ODP)

Global Warming Potential (GWP)

The Global Warming Potential (GWP) metric is one of the most widely used

environmental metrics. GWP is an index used to compare the global warming impact

of greenhouse gas emissions to the effects of similar amounts of CO2 emissions.

Predictions are made over a time horizon to assess the impact generated by these

refrigerants. Normally, unless a value for the time horizon is shared, a time horizon of

100 years is usually used. GWP is an easy-to-use metric, and assessments show that

the smaller the GWP value, the lower the global warming impact of the refrigerant used

[31].

In recent times, the use of a 20-year horizon Global Warming Potential (GWP) has

gained popularity, driven by evolving refrigerant characteristics. As refrigerants

continue to evolve, this approach to differentiating them and comprehending their

distinctions is increasingly prevalent.

Total Equivalent Warming Impact (TEWI)

Another metric used to determine the environmental impact of a refrigeration system

during its operation is Total Equivalent Warming Impact (TEWI). TEWI provides

a total value, taking into account the global warming impact from both direct and

indirect emissions caused by the system. The calculations here include the direct

impact of the refrigerant released over the lifetime of the refrigeration system and the

impact of the CO2 emissions generated during the production of the energy needed to

keep the system running. The TEWI calculation is carried out as follows [31].

TEWI = direct emissions + indirect emissions = (GWP×L×N)+(Ea×β×n)

where

L – annual leakage rate in the system, kg (3% of refrigerant charge annually),

N – life of the system, years,
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n – system running time, years,

Ea – energy consumption, kWh per year,

β – carbon dioxide emission factor, CO2-eq. Emissions per kWh.

Life-cycle Climate Performance (LCCP)

GWP and TEWI are two different metrics. Although TEWI is a more inclusive metric

than GWP, it, too, has its shortcomings. For example, both metrics do not consider

the emissions caused during the production and logistics stages of the refrigerant. A

differentmetric is used that takes into account the production, logistics andoperational

use of refrigerant and is called Life-cycle Climate Performance (LCCP) [31].

Ozone Depletion Potential (ODP)

Ozone depletion potential (ODP)measures a substance’s ability to destroy ozone in the

stratosphere. Ozone is a molecule of three oxygen atoms (O3) that is naturally present

in the Earth’s atmosphere. It is responsible for absorbing most of the sun’s ultraviolet

(UV) radiation, which is harmful to living organisms.

ODP is a relative scale that compares the ability of a particular substance to destroy

ozone to the ability of a reference substance (trichlorofluoromethane, also known

as CFC-11) to do the same. The reference substance has an ODP of 1.0, and other

substances are assigned an ODP relative to this reference [32].

Although there are four different metrics in different scopes for the evaluation of

refrigerants, the most generally accepted metric, and specially used in the evaluations

carried out by the European Union, is the Global Warming Potential (GWP) metric.

For this reason, this metric is used in this study.

In addition to environmental indicators, safety and affordability are significant

considerations when evaluating refrigerants. Economic factors are important, but

safety risks connected to prospective refrigerants are also assessed with equal

importance. This is especially important when certain refrigerants have flammable

or toxic characteristics that could limit their applicability for a given application.

Notably, a significant amount of refrigerant is used in district heating applications,

where high-capacity heat pumps are common, which amplifies the significance of all

these aspects.
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As seen in the figure below, the thorough review procedure considers all these

elements. However, performance evaluation is not prioritized over safety and

environmental considerations, which are given special attention. Even if a refrigerant

performs admirably under regulatory constraints, its use is strictly forbidden if it

doesn’t meet safety and environmental standards. This strategy emphasizes the

dedication to using environmentally friendly and safe refrigerants, ensuring ethical

and sustainable practices in district heating and heat pump applications.

Figure 2.5.1: Refrigerant Sustainability Triangle [33]

2.5.2 Refrigerant Types

The world of refrigerants consists of chemical substances, usually divided into natural

and synthetic. Each type has unique qualities and properties that affect its use and the

environment.

Synthetic Refrigerants

Modern refrigeration systems improved during the 20th century, leading to synthetic

refrigerants’ development. These man-made materials frequently display properties

like invisibility, odorlessness, non-toxicity, and non-flammability. Many existing

systems can be modified to handle alternative synthetic refrigerants in response to

changing federal or state requirements because synthetic refrigerants are so versatile

and can be used in various appliances.

24



CHAPTER 2. THEORETICAL BACKGROUND

Synthetic refrigerants dominate the market. However, because of their adverse effects

on the environment, government regulations have recently begun to phase out their

employment gradually. Since they have a highGWP and contribute to ozone depletion,

they are subject to strict rules to reduce their negative impacts.

Research is being done to create synthetic refrigerants with lower ozone depletion

potential (ODP) and lower global warming potential to solve these environmental

problems. It is clear, however, that natural refrigerants remain the most

environmentally benign choices. Notably, natural refrigerants with low effects

on the environment and the ozone layer, such as ammonia, carbon dioxide, and

hydrocarbons, have gained popularity as highly sustainable substitutes [34].

ChloroFluoroCarbons (CFC)

Refrigerants containing chlorine are referred to as Chlorofluorocarbons (CFCs).

Refrigerants called R11, R12, and R115 are some of the so-called CFC refrigerants. The

use of such refrigerants has been banned since the early 90s. The reason for prohibiting

these refrigerants is the environmental impact they cause [35].

HydroChloroFluoroCarbons (HCFC)

HCFCs, called HydroChloroFluoroCarbons, contain hydrogen, chlorine, fluorine, and

carbon. R22, R123, and R124 are some of the so-called HCFC refrigerants. The

scientific and industry community believed these refrigerants could provide temporary

alternatives to some CFCs. They have a shorter atmospheric lifetime than CFCs and

cause less chlorine to be transported into the ozone layer’s stratosphere. This means

they have amuch smaller impact on the ozone layer thanCFCs. Although the damage is

reduced with these refrigerants, they are still harmful to the ozone layer and are seen

as only temporary substitutes for CFCs. Current regulations limit the production of

HCFC-type refrigerants. Production of these refrigerants is prohibited after 2020 in

developed countries and after 2030 in developing countries [36].

HydroFluoroCarbons (HFC)

Hydrofluorocarbon (HFC) refrigerants comprise Hydrogen, Fluorine, and Carbon.

Since these refrigerants do not contain chlorine, they are not harmful to the ozone

layer. However, the effects of HFCs on global warming are much higher than
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conventional refrigerants. Commonly used HFC refrigerants are R-32, R125, R134a,

R-143a, and R-152a [37].

HydroFluoroolefins (HFO)

Refrigerants called HydroFluorolefins (HFO) are unsaturated organic compounds

consisting of hydrogen, fluorine, and carbon. These refrigerants can be used in

refrigeration and air conditioning systems. These refrigerants, called HFOs, are

classified as having zero ODP (Ozone Depletion Potential) and low GWP (Global

Warming Potential). Therefore, these refrigerants offer

a more environmentally friendly alternative to HCFCs (hydrochlorofluorocarbons),

CFCs (chlorofluorocarbons), and HFCs (hydrofluorocarbons) [38].

R1234yf, R1234ze, and R1234zd are some of the refrigerants in the HFO class

[39].

Natural Refrigerants

The fact that natural refrigerants occur in nature and are used in cooling and

heating systems makes them an appealing substitute for synthetic refrigerants. These

refrigerants have intrinsic properties that, mostly because of their innate natural

structures, result in low global warming potential (GWP) and ozone layer depletion

potential (ODP). Natural refrigerants are a far more environmentally responsible

option than many synthetic ones because of their advantageous traits for the

environment. Natural refrigerants are used in accordance with the growing worldwide

concern over climate change and the requirement to lower greenhouse gas emissions.

Industries and consumers can help mitigate the negative impacts of refrigerant

emissions on the climate and ozone layer by switching to natural refrigerants, which

have a low environmental impact. This shift to natural refrigerants is an important

step toward developing cooling and heating solutions that are more environmentally

friendly and sustainable [40, 41].

There are several types of natural refrigerants, including:

Ammonia (NH3) - R717

Ammonia is a colorless gas with a characteristic pungent odor. Ammonia has been

used as a refrigerant in large commercial and industrial refrigeration systems formany
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years. Ammonia has the potential to be an important refrigerant, especially with the

new regulations carried out today, especially since itsODPandGWPvalues are equal to

zero. Due to its structure, ammonia has high cooling system energy performance, good

thermodynamic properties, and a high heat transfer coefficient. The disadvantage of

ammonia is that it is toxic when used in high concentrations (ie = over 300 ppm).

For this reason, the places where ammonia can be used are limited by regulations

[41].

Carbon dioxide (CO2) - R744

Carbon dioxide is a naturally occurring gas that is abundant in the atmosphere. The

GWP value of this refrigerant is equal to 1 by definition. The important difference

between CO2 and other refrigerants is in the pressure/temperature characteristic

because the pressures experienced are much higher than those in other refrigerants.

For example, the CO2 pressure value can be ten times higher when compared to

ammonia. Due to these pressure values, special equipment design is required for

systems where CO2 is used as a refrigerant. This property makes CO2 advantageous;

the high-pressure results in a high gas density which allows a much greater cooling

effect to be achieved from a particular compressor. In addition, it produces very small

drops in saturation temperature for a given pressure drop, allowing higher mass flow

in evaporators and suction pipes without sacrificing efficiency. Thanks to this effect,

CO2 shows the best performance, especially at low-temperature values. Today, CO2

appears as an important refrigerant alternative, especially thanks to the regulations

made to reduce environmental impacts [41].

Water

Water is a non-toxic and non-flammable, readily available, and inexpensive refrigerant

option. However, several factors prevent water use as a refrigerant, the first of which

is the extremely low operating pressure for water-based cooling systems. This makes

it difficult for the system to continue operation free of pollutants (air). The second

reason is that the density of water vapor is low. For this reason, there is a need to

use compressors that canmeet high volume flow rates in the system. Another negative

side is that the situations wherewater can be used as a refrigerant are limited to cooling

applications for high temperatures only [41].
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Hydrocarbons (HCs)

Refrigerants called hydrocarbons are in the category of natural refrigerants. These

refrigerants are composed entirely of hydrogen and carbon. Due to their natural

properties, these refrigerants have zero ODP and very low GWP. For this reason,

they appear as more environmentally friendly refrigerants than synthetic refrigerants.

Commonly used hydrocarbons are propane (R290), isobutane (R600a), and propylene

(R1270) [41].

Table 2.5.1: Refrigerant Properties Overview [34]

2.5.3 Regulations history about the Refrigerants

About 200 years have passed since refrigerants first appeared on the scene. Natural

refrigerants, also referred to as ”natural refrigerants,”werewidely employed in the 19th

and early 20th centuries. But someof these refrigerants’ safety issues, like flammability

and toxicity, prompted the creation and widespread use of refrigerants like CFC and

28



CHAPTER 2. THEORETICAL BACKGROUND

HCFC.

It was revealed in 1973 that the ozone layer on Earth was harmed by the chlorine (Cl)

atoms released by CFCs and HCFCs. In response, international delegations gathered

in Vienna in 1985 to discuss ozone layer preservation.

A historic agreement to decrease the use and manufacturing of ozone-depleting

refrigerants, such as R12 and R-22, was made in Montreal in 1987, and the Montreal

Protocol was ratified by 197 nations. It went into effect in 1989 with the intention of

reducing CFC and halon production and consumption to 80% of 1986 levels by 1994

and further to 50% by 1999. Since then, the protocol has undergone a number of

amendments; Denmark’s addition added the phase-out of CFCs by 1995 andHCFCs by

2029. The phase-out of ozone-depleting chemicals was accelerated by the most recent

amendment in 2016.

HFC refrigerants, which can replace ozone-depleting refrigerants such as CFC and

HCFC, have beenwidely used in refrigeration and air-conditioning applications. Later,

it was determined that chlorinated refrigerants such as HFCs have a detrimental effect

on the greenhouse effect. Consequently, with the 1992 Rio de Janeiro signing of the

United Nations Framework Convention on Climate Change (UNFCCC), States Parties

committed to reducing their greenhouse gas emissions.

In this framework, the Kyoto Protocol was created in 1997 and entered into force in

2005 after it was ratified by 192 countries. The Convention required industrialized

countries to reduce their greenhouse gas emissions by 5% from 1990 levels by 2008–

2010.

Countries that are parties to the Montreal Protocol gathered in Kigali in 2016 to sign

a new accord after realizing the need to cut greenhouse gas emissions. By the end of

the 2040s, this agreement proposes a steady international reduction of 85% of HFCs.

Its goal is to lessen global temperature increases and safeguard the ozone layer. As

a result, the majority of wealthy nations started lowering their HFC consumption in

2019, with more reductions anticipated in 2024. However, starting in 2029, many

emerging nations will start to cut back on their HFC usage [33, 42].

The European Parliament Commission released a proposal for a regulation on

fluorinated greenhouse emissions on April 5, 2022, with the intention of repealing

the current Regulation (EU) No 517/2014. This proposal is one of the last parts of
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the ”fit for 55” package, which aims to align the EU’s energy and climate laws with

the requirements of the 2030 target. This proposal’s main goal is further to reduce

fluorinated greenhouse gas (F-gas) emissions.

The plan calls for changing the current quota system, which would gradually cut the

amount of hydrofluorocarbons (HFCs) available on the EUmarket to just 2.4% of 2015

levels by 2048. It also proposes prohibiting the use of F-gases in certain applications

and updates regulations governing best practices, leak inspections, record-keeping,

training, waste disposal, and sanctions. The currently in place licensing system and

labeling requirements would be strengthened to improve the enforcement of trade

restrictions.

Ultimately, this proposal aims to harmonize EU legislation with the Montreal

Protocol’s requirements for reducing HFC production [33].

Figure 2.5.2: Regulations history about the Refrigerants [33]

A class of extensively used compounds created synthetically is known as PFAS. All

PFASs share two characteristics: they degrade slowly in the environment and have

harmful effects on human health and the environment. PFAS come in more than

10,000 different varieties. In addition to the regulations in Figure 2.5.2, the PFAS

Ban proposal, which includes the ban on the use of various refrigerants in 2023, has

also been published.
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2.5.4 Refrigerant Options for Stockholm Exergi

In this thesis study, a comparative analysis of heat pumpperformancewas undertaken,

focusing on the refrigerant used by Stockholm Exergi, which is R134a. To assess

potential alternatives, various refrigerants from both natural and synthetic categories

were carefully selected. The selectionprocess considered existing literature studies and

specific requests fromStockholmExergi, ensuring a comprehensive and relevant range

of refrigerants for comparison. The chosen refrigerants for performance evaluation in

this study are as follows:

Synthetic Refrigerants;

• Hydrofluorocarbons (HFC): R134a, R152a

• Hydrofluoroolefins (HFO): R1234ze(E), R1234yf, R1233zd(E)

Natural Refrigerants;

• Ammonia (R717)

• CO2 (R744)

• Hydrocarbons (HC): R600, R600a, R601, R601a, R290
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Methodology

3.1 Software Description

This study used software called Engineering Equation Solver (EES) to perform heat

pump system analysis. In addition, while modeling at the component level, the

software named IMST-ART was used mainly in determining the dimensions of the

condenser and evaporator.

3.1.1 Engineering Equation Solver (EES)

Engineering Equation Solver (EES) is a versatile software capable of numerically

solving numerous interconnected non-linear algebraic and differential equations. This

program also handles differential and integral equations, performs optimization,

uncertainty analyses, linear and non-linear regression, and unit conversions, checks

unit consistency, and produces high-quality plots suitable for publication. One of

the remarkable aspects of EES is its accurate thermodynamic and transport property

database, encompassing hundreds of substances, which seamlessly integrates with its

equation-solving capabilities [43].

3.1.2 IMST – ART

IMST-ART is a computer-aided engineering design system. This software is an

advanced performance simulation tool. IMST-ART is a software that can model any

vapor compression refrigeration system that works with almost all refrigerants with
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its algorithm and powerful analysis features.

With IMST-ART, it can be used to model and analyze many different products such

as heat pumps, air conditioners, supermarket/home refrigerators, cold stores, mobile

air conditioning/air conditioning, and refrigeration. In addition, there is a specialized

section in the software for the analysis of heat exchangers [44].

Within the scope of this thesis, this software has been used especially to see how the

design of the evaporator and condenser changes depending on the use of different

refrigerants.

3.2 Existing SystemModels

In this thesis, a comprehensive performance analysis of heat pumps was conducted,

encompassing five distinct boundary conditions. As a reference, the commonly

used refrigerant R134a was employed in the current heat pumps. To facilitate a

thorough comparison between the performance of the existing heat pump system

and the analyzed refrigerants, the existing system utilizing R134a was also carefully

modeled.

3.3 Proposed SystemModel Options

The modeling process commenced with thoroughly comparing the thermodynamic

properties of 11 different refrigerants. The top 8 refrigerants exhibiting the

most promising properties were selected based on the results obtained for further

evaluation. Subsequently, a performance assessment was conducted for each of these

8 refrigerants within the basic cycle determined for the analysis.

This performance evaluation identified the top 5 refrigerants that demonstrated the

most favorable results in the basic cycle. To explore their potential further, various

cycle options for each of these five refrigerants were identified through an in-depth

literature review.

System modeling was carried out using these cycle options for five different boundary

conditions and more general applications. This comprehensive analysis enables

a robust understanding of how these refrigerants perform under varying thermal

conditions and operating scenarios.
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In addition to the performance evaluation, the study included comparative analyses

of system components. This examination aimed to provide insights into how different

refrigerants and cycle options influence the behavior and efficiency of the components

within the heat pump system.

A thorough and well-informed study is produced by integrating these numerous

stages, such as thermodynamic comparison, performance evaluation, cycle option

exploration, and component analysis. The research outcomes will contribute valuable

information for stakeholders in the heating and cooling systems field, assisting them

in making informed decisions about refrigerant selection, cycle design, and system

component optimization.
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Results and Analysis

Through a series of step-by-step analyses, the performance of various refrigerants is

systematically compared in this section. The findings and results obtained from these

analyses are thoroughly evaluated and discussed.

4.1 Refrigerant Selection Process

For this study, 12 refrigerants are identified, including the currently used R134a

refrigerant, to facilitate comprehensive evaluations and comparisons. The list of

identified refrigerants is as follows:

Synthetic Refrigerants;

• Hydrofluorocarbons (HFC): R134a, R152a

• Hydrofluoroolefins (HFO): R1234ze(E), R1234yf, R1233zd(E)

Natural Refrigerants;

• Ammonia (R717)

• CO2 (R744)

• Hydrocarbons (HC): R600, R600a, R601, R601a, R290

These identified refrigerants are intended for use in heat pumps utilized in district

heating. Therefore, the initial evaluation of refrigerants has been conducted with

consideration given to operational condition. For this evaluation, upper and lower
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temperature limits have been established, with the lower limit set at 0 °C and the upper

limit at 90 °C.

Figure 4.1.1: Refrigerant’s Upper and Lower Temperature Limits

In Figure 4.1.1, the area highlighted in yellow indicates the operational conditions.

While the points in blue show the critical temperature value for refrigerants which

is the upper-temperature limit for each refrigerant, the points in orange indicate

the temperature value of each refrigerant at 1 Bar pressure which is also called the

normal boiling point.on This value determines the lower temperature limit for each

refrigerant.

Due to its advantageous thermodynamic characteristics, CO2 is one of the refrigerants

that is most frequently utilized in transcritical applications. Transcritical cycles

can be used with it since it has a critical point at a reasonably high pressure and

temperature.

As can be observed from the graph, R600, R601a, R601, R1233zd(E), and CO2 cannot

operate in the desired operational conditions. Other refrigerants can operate in the

specified operational conditions. CO2 has an exceptional situation. The upper-

temperature limit for CO2 is 31 °C, and due to its advantageous thermodynamic

characteristics, CO2 is one of the refrigerants that is most frequently utilized in

transcritical applications. Transcritical cycles can be used with it since it has a critical

point at a reasonably high pressure and temperature. That’s why CO2 is also included

in the group to be assessed. For this reason, eight refrigerants that comply with

these conditions were evaluated as a result of the evaluation made by considering the
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operational conditions.

While evaluating eight selected refrigerants, tables containing refrigerant properties

were first prepared. The values shown here for each refrigerant were then used to

make predictions about the results of the shared analyses and perform validation. For

the values planned to be obtained here, the academic study prepared by Björn Palm

was utilized [45].

While the evaluation in this section was carried out, although it was stated that the

operational conditions determined for district heating were 0 - 90 °C, the evaluation

was carried out using boundary conditions similar to the boundary conditions used

by Björn Palm. The reason for this is to ensure the accuracy of the analysis while

performing the analysis, and even though the boundary conditions are different, these

values are sufficient to provide information about the characteristic features of the

refrigerants and comparisons between refrigerants can be made.

Since the evaporation temperature value used in the study carried out by Björn Palm

was -20 °C, this temperature value was used when evaluating the refrigerants here in

order to validate the model, while two different values were used as the condensation

temperature values: 30 °C and 20 °C. In this analysis, the temperatures determined

as condensation temperatures are below the temperature values determined for

distribution heating. The reason for this is that the analysis can be carried out fairly.

When the temperature value of CO2 exceeds its critical temperature value of 31 °C,

a transcritical system must be designed for CO2. Since transcritical analysis was

not preferred in this analysis, analysis was preferred at temperature values below

31 °C. The reason for using these two different temperature values is to see how

the condensation temperature affects the refrigerant properties while comparing the

refrigerants among themselves. A total of 24 different features were examined, and the

values obtained as a result of this examination shed light on further analysis.

To examine the refrigerant properties, three different figures were created. The figures

presented in this section correspond to the data prepared for 30°C, while the figures

prepared for 20°C can be found in the Appendix section. Table 4.1.1 examines more

general refrigerant properties. In this table, when evaluating hfg, ρvapor, and ρliquid, it

is also observed what changes are experienced according to different condensation

temperature values. Since properties other than these three properties are general,

they do not change according to the condensation temperature value.
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Table 4.1.1: Refrigerant Property Comparison Table 1

Table 4.1.1 provides an overviewof the refrigerants selected for comparison. In general,

refrigerants with high molar mass have higher density and lower specific heat values.

These features may also affect the performance of the refrigeration system. For

example, when a refrigerant with a high molar mass is used, it can be expected to have

a high density and heating capacity, but in this case, the energy required for pumping

will be higher. Therefore, this parameter particularly contributes to the determination

of the compressor needed. As can be seen from the figure, Hydrofluoroolefins (HFO)’s

are the refrigerants with the highest molar mass in this group, while ammonia is the

refrigerant with the lowest molar mass.

In addition, the normal boiling temperature and critical temperature values shown in

Table 4.1.1 can also be seen in this figure.

The temperature above which a refrigerant cannot be made to liquefy under pressure

is known as its critical temperature. Because it has an impact on how well the

refrigeration system performs, this is a crucial characteristic to take into account when

choosing a refrigerant for a certain application.

The working range of a refrigerant will be greater for one with a high critical

temperature than for one with a low critical temperature. The high-critical-

temperature refrigerant may now function at greater temperatures without having to
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liquefy, according to this.

A refrigerant with a high critical temperature will also perform better than one with a

low critical temperature, as measured by its coefficient of performance (COP).

The critical temperature values for R600a and Ammonia are similar and have the

highest value in this group. In addition, the situation for CO2 is the opposite and has

the lowest critical temperature value at 31°C.

The temperature atwhich a refrigerant vaporizes under atmospheric pressure is known

as its normal boiling point. Because it has an impact on how well the refrigeration

system performs, this is a crucial characteristic to take into account when choosing a

refrigerant for a certain application.

When compared to a refrigerant with a high normal boiling point, a low normal boiling

point refrigerant will boil at a lower temperature. Accordingly, the low-boiling-point

refrigerant can absorb more heat from the air or water around it.

Additionally, compared to refrigerants with high normal boiling points, low normal

boiling point refrigerants require less compressor work. The refrigeration system

is more energy-efficient and requires less energy when the compressor work is

lower.

When the normal boiling temperature is compared, CO2 is the refrigerant with the

lowest temperature at -78.5°C.

The amount of heat needed to evaporate a unitmass of a substance at constant pressure

is known as the enthalpy of vaporization, commonly referred to as the latent heat of

vaporization. Because it has an impact on the operation of the refrigeration system,

it is a crucial property to take into account when choosing a refrigerant for a certain

application.

More heat is needed to evaporate a refrigerant with a high enthalpy of vaporization

than one with a low enthalpy of vaporization. In other words, a refrigerant with a high

enthalpy of vaporization will be able to absorb more heat from the air or water around

it.

As can be seen from Table 4.1.1, Ammonia It has the highest enthalpy of vaporization

value, while CO2 has the lowest value.

Table 4.1.2 focuses on pressure ratio, efficiency, and how refrigerants react to
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conditions like superheating and subcooling. It was created to provide a thorough

comparison of fluid properties. The condensation temperature can change, which

has a significant impact on these qualities. For a complete knowledge of refrigerant

behavior under various circumstances, the figure thus gives values for two different

condensation temperature settings.

Table 4.1.2: Refrigerant Property Comparison Table 2

The pressure ratio is essential in refrigerant comparisons because increasing the

pressure ratio can decrease volumetric and isentropic efficiencies. As can be seen

from the table, Ammonia has a higher pressure ratio than other refrigerants; while

other refrigerants generally have similar ratios, CO2 is separated from this group. The

pressure ratio of CO2 remained significantly lower than in other refrigerants.

Comparing the volumetric refrigerating effect qv at predetermined evaporation and

condensing temperatures will allow for a more exact comparison of cooling capacity

with various refrigerants, considering a specific compressor swept volume flow. Fluids

under high pressure typically produce more volumetric cooling; i.e. higher cooling

capacity for the same swept volume flow. Or, we can say that for the same cooling or

heating capacity the refrigerant with a high volumetric refrigerating effect will have a

smaller compressor. CO2 has a much larger volumetric refrigerating effect than other
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refrigerants. Ammonia and R290 in the fluid comparison come after CO2. Regarding

cooling capacity, the remaining refrigerants display remarkably similar values.

Comparisonsmade also include COP2, ideal and ηCarnot. When comparisons aremade for

these, it is seen that while Ammonia shows the best performance, CO2 shows the worst

performance.However, the values obtained here should not be misleading. Especially

in the analysis performed for CO2, 30 C is very close to the critical temperature. This is

one of the reasons why CO2 performs poorly, and in the table in the Appendix, which is

prepared for the condensing temperature of 20C, it is seen that theCOPvalue increases

significantly. Due to its character, CO2 is very sensitive to temperature changes, so

even though it shows the worst performance in these determined boundary conditions,

it is an option worth considering.

In addition, information on the y-factors is also shared in this table. The y-factors

provide information on how the refrigerating effect and COP values of refrigerant and

the system change depending on subcooling and superheating.

• y1: The volumetric refrigerating effect (qv) and coefficient of performance (COP),

which are percentage increases/decreases for each degree of subcooling, are

better understood with the y-factor

• y2: The percentage increases in the volumetric refrigerating effect at each degree

of internal superheating are revealed by the y-factor

• y3:The percentage gains in COP brought about by each degree of internal

superheating are shown by the y-factor

The volumetric refrigerating effect (qv) and coefficient of performance (COP),

which are percentage increases/decreases for each degree of subcooling, are better

understood with the y-factor, denoted as y1. The acquired y1 values show that

subcooling favors system performance for all refrigerants. Compared to other

refrigerants, CO2 shows a much stronger favorable effect from subcooling in cases

with a condensing temperature of 30°C. On the other hand, R717 (Ammonia) shows a

limited positive effect from subcooling, with minimal impact on this refrigerant, while

other refrigerants generally demonstrate a similar level of positive influence.

A setting of 20°C was considered to evaluate the impact of the condensation

temperature value. Subcooling still improves system performance even at this lower

condensation temperature, but to a lesser extent. All refrigerants experienced this
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decline in effect, but CO2 saw the most reduction. Even under these circumstances,

CO2 remains the refrigerant that subcooling affects most favorably.

The percentage increases in the volumetric refrigerating effect at each degree of

internal superheating are revealed by the y-factor, indicated as y2. Upon evaluation,

it was discovered that internal superheating had a detrimental effect on ammonia and

R1234ze(E) while having a beneficial impact on other refrigerants. CO2 is the sole

factor that deviates from this pattern, even though its percentage value ismerelyminor.

It may be said that at this temperature for CO2, internal superheating has almost no

effect on the volumetric refrigerating effect.

The beneficial effect on the volumetric refrigerating effect persisted, albeit with a

decrease, as the condensing temperature dropped to 20°C. Moreover, for R152a, the

positive impact turned into a negative effect due to this decrease.

The percentage gains in COPbrought about by each degree of internal superheating are

shown by the y-factor, denoted as y3. Observations revealed that for R717 (Ammonia),

R152a, and R1234ze(E), the effect of internal superheating was negative, whereas

the effect was positive for other refrigerants at a condensing temperature of 30°C.

Notably, R1234ze(E) showed themost pronounced negative effect at this condensation

temperature, while CO2 showed the most significant positive impact.

Except for R1234ze(E), all refrigerants experienced a reduction in the beneficial effects

of internal superheating when the condensing temperature dropped to 20°C. The

refrigerant R1234ze(E), which first displayed a negative effect at 30°C, interestingly

showed a turnaround in behavior, resulting in a positive effect at 20°C.

Important facts regarding refrigerants’ transport characteristics, viscosity, and

thermal conductivity are included in the data shown in Table 4.1.3.
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Table 4.1.3: Refrigerant Property Comparison Table 3

In the table, given properties significantly influence pressure drop and heat transfer

within the system’s heat exchangers. Therefore, it is crucial to scrutinize these

properties.

The thermal conductivity of liquid ammonia greatly outperforms that of other

refrigerants, as seen in Table 4.1.3, demonstrating its better heat transfer capabilities.

CO2 and ammonia are the two refrigerants that work best regarding heat transmission

in the vapor state. However, HFO-classified refrigerants perform the worst in terms of

thermal conductivity, while others offer marginally better results.

The liquid CO2 has the lowest viscosity, which indicates that it has good fluidity

properties. R600a and R290, among the refrigerants examined, exhibit the lowest

viscosity values in the vapor state.

The pressure drop of a particular pipe with length L and diameter d, and cooling

capacity Q is directly proportional to the thermal conductivity and viscosity properties
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of the refrigerants used in the system. For this reason, the Figure of Merit pressure

drop in single-phase turbulent flow value was used with the formula below using these

refrigerant properties.

FOMΔP =
�(1/4)

� � hfg(7/4)
(4.1)

According to the formula, in addition to low viscosity, a more important component

that affects low-pressure drop is the high heat of evaporation, which determines the

mass flow anddensity of the liquid required to reach a particular cooling capacity.

The outcomes of calculations for liquid and vapor flow at 30°C are shown in Table

4.1.3. Liquid ammonia has the lowest value among the refrigerants, which means it

will have a far lower pressure drop than other liquids in the same heat exchanger with

an equivalent heat flow.

Similarly, evaluations of the vapor phase heavily dependon the saturation pressure. An

evaluation comparable to the liquid phasemight be carried out for this element. When

compared to other refrigerants, ammonia will result in a noticeably smaller pressure

decrease. HFO refrigerants, on the other hand, perform poorly and cause the most

significant pressure loss when used in a system.

Similarly, the Figure of Merit for turbulent single-phase heat transfer can be defined

based on the Dittus–Boelter equation.

FOMSPHT =
k � P r

0:4

(hfg � �)0:8
(4.2)

If the parameter whose formula is given has a high value, the fluid is expected to have

high heat transfer coefficients. Table 4.1.3 shows that this parameter is also calculated

for the refrigerants’ vapor and liquid phases.

Based on the computed values, CO2 is anticipated to have the highest heat transfer

coefficient. Ammonia has a relatively high heat transfer coefficient in the liquid form,

second only to CO2. However, as the phase changes, the coefficient of CO2 rises and

surpasses that of all other refrigerants, whereas the coefficient of ammonia falls below

that of the other refrigerants. As a result, this shows that ammonia’s vapor heat transfer

coefficient is lower than that of other refrigerants.
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Compared to single-phase heat transfer, heat transmission during boiling and

condensation is crucial in refrigeration and heat pump systems. The liquid single-

phase heat transfer coefficient may be used tomeasure heat transfer efficiency in some

two-phase flow scenarios. The figures can also be obtained using film condensation

and pool boiling relationships. According to Cooper’s pool boiling correlation, the

surface roughness of Rp was assumed to be 1 mm for developing the Figure of Merit

pool boiling formula [46].

FOMpb = P r
0:12 � (�log10P r)

−0:55 � M−0:5 (4.3)

The equation shows that high reduced pressure and low molecular weight encourage

improved heat transfer during boiling. It is predicted based on the data in Figure 4.1.3

that CO2 will have a more significant heat transfer coefficient than other refrigerants.

Ammonia and R290 are predicted to show considerably higher concentrations after

CO2.

It is crucial to remember that the figures of merit are all sensitive to variations in

condensation temperature. For instance, lowering the condensation temperature

to 20°C can result in a noticeable reduction in CO2, as shown in the figure in the

Appendix. But even in this case, CO2 is still the best possible option.

When an evaluation ismade based on the results obtained in the initial analyzes carried

out here and the refrigerant characteristics tabulated, R152a, R717 (Ammonia) and

R600a can be expected to be the best-performing refrigerants. These refrigerants

are expected to be followed by refrigerants such as R290 and R1233ze(E) with good

performances.
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4.2 Basic Model-Refrigerant Performance

Analysis

As mentioned in the previous section, eight different refrigerants were selected for the

evaluation to be carried out;

• R744 (CO2)

• R717 (Ammonia)

• R152a

• R134a

• R600a (Isobutane)

• R290

• R1234ze(E)

• R1234yf

To compare the performance of refrigerants, a methodology close to the method

applied by Zühlsdorf et al.[47]. This section has been created to understand how the

performance of heat pumps varies according to different refrigerants. The analysis

performed in this section uses the simple heat pump cycle shown in Figure 4.2.1

so that a fair value is intended to evaluate approaches to comparison with different

refrigerants rather than different cycle arrangements. Therefore, a simple heat pump

cycle is used for evaluation. The cycle is as follows;
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Figure 4.2.1: Heat Pump - Basic Cycle

Numerical cycle modeling was performed using energy and mass balances. While

modeling for the compressor section, losses are ignored, and isentropic efficiency is

assumed to be 100%. In addition, during the design of the cycle, the temperature

levels in the evaporator and condenser sections where heat absorption and rejection

take place are fixed. For this purpose, constant heat source and sink temperatures

andminimum temperature difference (pinch point temperature difference) in the heat

exchangers were taken into consideration. The temperature differences in the heat

exchangers also vary depending on the design of the heat exchanger, which is also

evaluated in this section. While evaluating different refrigerants, evaluations were

conducted by fixing the minimum temperature difference in order to make a fair

comparison.

The evaluations were started by using the similar boundary conditions used by

Zühlsdorf et al.[47], the model was verified, and the boundary conditions given in

Figure 4.2.1 belowwere used after minormodifications [47]. Although these boundary

conditions do not exactly match the boundary conditions in this thesis study, they
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were preferred to ensure the accuracy of the model and to make the evaluation easier.

The results obtained here shed light on the analyzes carried out in the next section.

Boundary conditions are as follows;

Table 4.2.1: Boundary Conditions for Basic Cycle Performance Analysis

Using these boundary conditions, firstly, a performance evaluation was carried out for

each refrigerant. The amount of energy spent for compression while performing these

analyzes was calculated as follows.

E = mref � �h (4.4)

The �h value in this section is the value obtained as a result of the change in enthalpy

as a result of the compression process. While calculating the �h value, the calculation

is carried out by using the enthalpy values at the evaporator outlet and compressor

outlet.

The heat transferred to the other liquid by the refrigerant in the condenser section is

calculated with the formula given below.

Q1 = mref � �h (4.5)

The enthalpy change in the condenser section is included in the �h value used to

calculate the Q1 value. Essentially, this computation is based on the difference in

enthalpy values between the expansion valve inlet and compressor outlet.

The Coefficient of Performance (COP) value, which is the parameter used to evaluate

the system performance, is calculated by using the ratio of the heat energy provided in
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the condenser section to the work done by the compressor.

COP 1 =
Q1

E
(4.6)

The results obtained according to this evaluation are shared in the table below;

Table 4.2.2: Basic Cycle Performance Evaluation for Different Refrigerants

According to the table, Ammonia was the best-performing refrigerant according to this

evaluation. R152a followed it with the second-best performance. R290, R600a, and

R1234ze(E) performed similarly to the R134a refrigerant currently used in the existing

system. According to this evaluation, the worst-performing refrigerants were R744

and R1234yf.

After this evaluation, subcooling and superheating evaluations were carried out

separately to observe how the performance of each refrigerant would change when

superheating and subcooling occurred in the cycle. The same boundary conditions

were used for these evaluations.

4.2.1 Subcooling Analysis

A key element in improving cycle performance is subcooling. The refrigerant’s

enthalpy decreases due to heat absorption from the high-pressure side by subcooling

before it reaches the expansion valve after condensation. As a result, the quality of

the refrigerant that enters the evaporator through the expansion valve drops. This

results in better heat transfer in the condenser and higher heat absorption in the

evaporator.

This change can occur at different rates in different refrigerants. To see the effect

of subcooling, the performance change of each refrigerant at different subcooling

amounts was analyzed.
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Figure 4.2.2: Effect of Subcooling on Cycle Performance for Different Refrigerants

As can be seen from the subcooling graph, the cycle performance for each refrigerant

increase as the subcooling temperature is increased. Although the amount of increase

is different for each refrigerant, it can be seen that the performance increase due to

subcooling of R744 (CO2) is more than other refrigerants. The situation for R717

(Ammonia) is slightly different; the performance increase in Ammonia is slightly lower

than other refrigerants. Apart from these two refrigerants, a performance increase was

also observed in other refrigerants due to subcooling, and it can be seen that there is a

similar increase in general. This graph is also consistent with the parameter y1, given

in Table 4.1.2 in the previous section.

4.2.2 Superheating Analysis

In the basic cycle, the vapor is assumed to leave the evaporator and reach the

compressor as a saturated vapor. However, in the actual cycle, superheating can

occur before the refrigerant reaches the compressor. This increase can be realized

consciously with the help of a valve or unintentionally, depending on the external

environment. When superheating occurs in the cycle, the amount of heat absorbed by
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the evaporator increases in order to achieve superheating; Accordingly, the amount

of heat supplied to the condenser will increase because the enthalpy value of the

fluid coming from the evaporator will be higher. However, due to this increase,

the compression work done in the compressor also increases. In this analysis, an

evaluation is made for internal superheat, where superheating occurs in the cooled

space.

To see the effect of superheating, the performance change of each refrigerant at

different superheating amounts was analyzed and the performance values obtained

are as in Figure 4.2.3.

Figure 4.2.3: Effect of Superheating on Cycle Performance for Different Refrigerants

As shown in Figure 4.2.3, superheating also positively affects many refrigerants,

though the performance increase achieved through subcooling is slightly more.

Notably, superheating has a detrimental effect on the cycle’s efficiency for ammonia.

Given that the analyses were carried out at 30°C and 20°C, respectively, and based on

the y3 value in Table 4.1.2, a declining trend in performance is predicted for R1234ze(E)

and R152a. It should be noted that the condensation temperature in this cycle is

higher than 50°C, which also affects the superheating behavior. Interestingly, the
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superheating effect for these two refrigerants changed from negative to positive at

50°C, making both analyses consistent.

4.2.3 Impact analysis ofPinchPointTemperatureDifference

on performance

One of the critical elements in heat pump systems is heat exchangers. In heat pumps

used for heating purposes, the heat is drawn from the heat source with the help of the

evaporator and then transmitted to the desired point with the help of the condenser.

At this point, the performance of the heat pumps varies depending on the performance

of the heat exchangers.

Therefore, the design of heat exchangers gains importance. Heat exchangers have a

point called the ’Pinch Point’. This point is the position in the heat exchanger where

the temperature difference between the hot and cold fluid is minimum at this position

[48]. A series of analyses were conducted to learn more about how the pinch point

temperature difference affects system performance and identify potential variances

between various refrigerants. While evaluating different temperature values in these

analyses, equal pinch point temperature difference values were used for the evaporator

and condenser.The following graph displays the outcomes of these analyses:
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Figure 4.2.4: Effect of Pinch Point Temperature Difference in Condenser and
Evaporator on Cycle Performance for Different Refrigerants

In the analysesmade for the pinch point temperature difference, it is seen that the cycle

performance decreases as the temperature difference at this point increases. This is an

expected situation because as the temperature difference increases, the temperature

difference between the evaporator and the condenser will increase. Accordingly, the

system performance will decrease, and the COP value will decrease. At this point,

finding the optimum value for the pinch point temperature difference is important.

The reason for this is using heat exchangers with larger areas to reduce the pinch point

temperature difference [49]. Using large-sized heat exchangers will increase the heat

pump’s cost and the space requirement for the heat pump. For this reason, parameters

such as performance, cost, and area should be considered while designing the heat

pump.

As a result of these analyses, it was observed that there are different performance

changes in different refrigerants in subcooling and superheating applications. These

data were considered in the calculations to be performed in the following sections,

and system designs were carried out. The pinch point temperature difference analysis

observed similar behavior for all refrigerants. At this point, the analysis was carried
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out in the next section in line with the required parameters to find the optimum

temperature difference for system performance.

4.2.4 Pinch Point Temperature Difference Optimization for

Given Cases

In this section, the analyses were carried out using the same simple cycle used in the

previous section, but the boundary conditions such as heat sink and heat source used

in the analyses in this section were arranged according to the boundary conditions

decided to be used in this thesis.

The heat pump names used here come from VP, which is the abbreviation of Swedish

Värmepump (Heat Pump), and the numbering was made by Stockholm Exergi, the

same nomenclature was used in this thesis to make performance comparisons with

the existing system easier.

The boundary conditions used for the evaluation are as follows;

Table 4.2.3: Existing Heat Pumps’ Boundary Conditions

The results obtained from the evaluation of how the pinch point temperature difference

affects the cycle performance when different refrigerants are used for these boundary

conditions are given in the graphs below. The pinch point temperature difference

values used in these analyses are considered the same for the evaporator and

condenser.
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