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This thesis studies energy efficiencies and technical properties of gas driven ground source 
heat pumps and pump systems. The research focuses on two technologies: gas engine 
driven compressor heat pump and thermally driven gas absorption heat pump. System 
consist of a gas driven compressor or absorption ground source heat pump and a gas 
condensing boiler, which covers peak load. The reference system is a standard electrically 
powered compressor heat pump with electric heating elements for peak load. The systems 
are compared through primary energy ratios. Coefficient of performances of different heat 
pump technologies are also compared. 

At heat pump level, gas driven heat pumps are having lower coefficient of performances as 
compared with corresponding electric driven heat pump. However, gas heat pumps are 
competitive when primary energy ratios, where electricity production losses are counted in, 
are compared. Technically, gas heat pumps can potentially achieve a slightly higher 
temperatures with greater total energy efficiency as compared to the electric driven heat 
pump. The primary energy ratios of gas heat pump systems in relation to EHP-system 
improves when the share of peak load increases. Electric heat pump system's overall 
energy efficiency is heavily dependent on the electricity production efficiency. 

Economy as well as CO2-emissions were not examined in this thesis, which however, would 
be good topics for further study.  
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DEFINITIONS 

Coefficient of performance: a measure for the efficiency of a heat pump. The COP indicates 

how many units of useful energy can be supplied for each unit of used energy. 

(van Gastel et al. 2010) 

Global warming potential:  a measurement (usually measured over a 100-year period) of 

how much effect a refrigerant will have on Global Warming in relation to 

Carbon Dioxide. CO2 has a GWP = 1. The lower the value of GWP the better 

the refrigerant is for the environment. (Engineering ToolBox 2015) 

Higher heating value: also known as gross calorific value. The heat amount released from 

combustion of the fuel, which takes into account the heat amount committed 

into flue gas water vapor. (Riikonen 1993) 

Lower heating value: also known as net calorific heating value. The heat amount released 

from combustion of the fuel, which does not take into account the heat amount 

committed into flue gas water vapor. (Riikonen 1997) 
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Ozone depletion potential: the potential for a single molecule of the refrigerant to destroy 

the Ozone Layer. All refrigerants use refrigerant R11 as a reference where 

R11 has an ODP = 1.0. The less the value of the ODP the better the refrigerant 

is for the ozone layer and the environment. (Engineering ToolBox 2015) 

Primary energy: energy that is contained in natural resources before any conversion or 

transformations. Primary energy is contained in the materials and phenomena 

in that state, that it can be used as source of energy for the first time. (Keto 

2010). In this thesis, fuels (natural gas, power plant fuels) are assumed to 

contain 100 % of its primary energy content before first conversions. Thus 

indirect consequences such as fuel transportations before combustion are 

neglected. 

Primary energy ratio: indicates how many units of primary energy (for example natural gas) 

is needed to deliver one unit of product (for example heat). By means of the 

PER, gas-fired heat pumps and electric heat pumps can be compared more 

accurately based on the COP. (van Gastel et al. 2010) 

Stoichiometric combustion: a reaction, wherein the required theoretical amount of 

combustion air (air-fuel ratio, λ=1,0) mixes completely into fuel and the mixture 

burns completely. As a result, all the combustible compounds of fuel reacts 

with oxygen of combustion air and generated flue gases contains no unburned 

compounds. (Riikonen 1997) 

System balance boundary: term that is used especially in thermodynamic contexts. 

Separates the system from the surrounding area (Soininen 2010). 

System energy balance:  can be generally expressed for a process in words as: 

accumulation of energy in system=input of energy into system-output of 

energy from system. When system is in stationary state, the balance can be 

stated: input of energy into system=output of energy from system. (Kaikko 

2014) 
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1 INTRODUCTION 

1.1 Energy trends and policy in European Union and Finland 

Europe is one of the biggest energy consumers in the world, and it is dependent on energy 

import due to limited own energy resources. Europe’s energy dependence on energy import 

influences significantly on our economy. Due to this fact, European Union (EU) controls 

strongly the energy policy of the Member States and its targets in the energy policy are 

(European Comission 2015a): 

 to ensure energy supply 

 to ensure the energy price does not weaken its competitiveness 

 to protect the environment and especially fight against the climate change 

 to develop the energy networks. 

An efficient solution to reduce the energy costs is to reduce the energy consumption and to 

support more energy efficient systems. Energy efficiency is one of the key targets in EU’s 

energy policy for the year 2020. By that year, the target is to reduce the total energy 

consumption by 20 % from the 1990 level. To achieve the targets, EU urges its member 

countries to reduce energy consumption in all the fields by enacting energy Directives. 

Energy efficiency is in a significant role especially in the fight against climate change. 

Directives already adopted are concerning for instance buildings and consumer device 

energy efficiency.  All the member countries have got their own energy targets and for 

Finland, the target share of use of renewable energy is 38 % by the year 2020. All the 

member countries are able to decide by themselves how the targets will be achieved. 

(European Comission 2015a). In Finland, the methods are reflected in the energy and 

climate strategy set up by government. 

EU´s long term energy policy strategy is set for the year 2050. In this strategy, the goal is 

to reduce greenhouse gas emissions by 80-95 % compared to 1990 levels. To achieve this 

goal, EU has to control the energy investments towards low-carbon and sustainable 

technologies already today. The European Commission has made the Energy Roadmap 

2050 as a basis for its energy policy in 2011. Energy Roadmap 2050 raises four areas to 

achieve the goal: energy efficiency, renewable energy, nuclear energy and carbon capture 

and storage. The Roadmap combines these areas in various ways and analyses seven 

possible scenarios for 2050. Conclusions of the Roadmap are that more efficient use of 

energy and increase the share of renewable energy are crucial irrespective of the particular 

chosen energy mix to achieve the targets. (European Comission 2015b) 
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The share of building space heating of total energy consumption is significant in northern 

and cold climate conditions such as in Finland. Heating consumes natural energy 

resources. Heat energy is consumed in buildings to keep the indoors warm to provide 

comfortable conditions for people and to heat up the domestic hot water (DHW). The share 

of energy consumption in the buildings is approximately 40 % of total energy consumption 

in Finland. Therefore the government guides towards more energy efficient solutions by 

means of laws and regulations to enforce EU´s energy efficiency Directives. The aim of the 

legislation on the energy performance of buildings is the promotion of energy efficiency and 

the use of renewable energy in buildings and thus to reduce their energy consumption and 

carbon dioxide emissions. (Ministry of the Environment 2015b) 

Renewable energy is solar energy, wind and hydropower, geothermal energy and energy 

produced from biomass. Heat pump’s energy derived from the source is also considered as 

a renewable energy. Heat pump transfers heat from the cooler to warmer and thus, to 

exploitable level. Heat pumps popularity has grown constantly and nowadays almost every 

new building is equipped with some heat pump. (Motiva 2015b) 

1.2 Research problem and objective 

Heat pumps are nowadays popular devices in heating applications due to their excellent 

energy efficiency. The pumps are also combining the use of renewable energy to heating 

and thus those are well in line with EU’s targets. However, electric heat pump uses 

electricity which must be produced at first while gas driven heat pumps can be driven directly 

by natural gas. Thus it is justified to analyze and compare the energy efficiencies of these 

technologies and systems. 

The aim of this thesis is to examine the natural gas driven ground source heat pumps and 

pump systems, and to find out what are the differences as compared to electric driven 

ground source heat pump and system. Figure 1.1 is illustrating the examined gas heat pump 

systems and figure 1.2 is illustrating the electric heat pump system, which is the comparison 

system. Figures are also showing the assumed and examined boundary limits. 

The pump system is assumed to consist of a ground source heat pump and an additional 

energy production device which is in electric application electric heating elements and in 

gas application condensing boiler.  

 



14 
 

 

Figure 1.1. Examined system: gas driven ground source heat pumps. 

 

Figure 1.2. Comparison system: electric ground source heat pump. 
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Table 1.1 presents the research questions of this thesis. Research question 4 is the key 

issue, which is supported by the other questions. 

Table 1.1. Research questions of the thesis 

 Research question 

RQ1 What are the main technical parameters to consider in heat pump systems? 

RQ2 At what levels heat pumps’ COPs can vary? 

RQ3 How peak load requirements affects to the analysis? 

RQ4 What are the differences between electric and gas heat pump systems? 

 

The thesis focuses on the efficiencies of energy conversion chains and heat pump 

technologies. Losses in energy production chain from source to refinement are excluded as 

well as economy. Facility heat demand assumptions is based on public data source review. 

Cooling, however, is left unviewed. Thus all the stated efficiency factors are performances 

in heating application. 

1.3 Methodology, outline and structure of the thesis 

Research is carried out as a steady state analysis in a few selected conditions. Analysis-

cases are heat pump design point dimensioning-, peak load effect- and DHW-capacity- 

case. The main comparison factor of the heat pumps and the heating systems is a primary 

energy ratio (PER). Heat pumps’ coefficient of performances (COPs) are also discussed in 

order to get understanding of consumer viewpoint. 

Operating principles, relevant values and efficiencies of heat pumps are examined from the 

literature. Also, the efficiencies of different electricity production chains are evaluated on the 

basis of literature sources and statistics. The representative case calculation is carried out 

by a spreadsheet program in order to compare the pumps and systems. Efficiencies for the 

different systems are evaluated at the system- and device boundary limits. 

Natural gas is discussed in chapter two in order to create an understanding of its distribution 

in Finland and properties as fuel. Chapter three treats the heat pump systems technology 

and chapter four enters into dimensioning technical issues of ground source heat pump 

systems. In order to compare electric and gas heat pump systems, the energy efficiencies 

of electricity production chains needs to be evaluated. Thus chapter five discusses the 

electricity production methods and chains’ efficiencies. Chapter six combines the 

information discussed in previous chapters in form of case-calculation, where the 

comparison of electric and gas heat pump systems is carried out.  
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2 NATURAL GAS 

This chapter discusses generally about natural gas in Finland and its properties in order to 

achieve better understanding of its current situation and to understand its combustion 

technical properties.   

2.1 Supply and use in Finland 

Natural gas is obtained by drilling from the earth such as oil. The most significant natural 

gas deposits are located in Russia and in the Middle East. Russia has approximately 33 % 

of worlds proven gas reserves and thus it is by far the biggest single gas country. Russia’s 

proven gas reserves are over 48 000 billion cubic meters.  Deposits are also located in 

Norway as well as in North America. Imports of natural gas from Russia, Western Siberia 

to Finland began in 1974. Natural gas is imported from Russia with two parallel pipeline. 

The gas is very pure and homogenous and it consist of mostly methane (approximately 98 

%). Gasum Oy is the importer and wholesaler of natural gas. Retail sales and local 

distribution is generally carried out by local energy companies. Figure 2.1 shows the natural 

gas network in Finland. As can be seen from the figure, the network covers approximately 

the south-east and south of Finland. (Finnish Energy Industries 2014) 

 

Figure 2.1. Natural gas network in Finland. (Gasum Oy 2015a)  

Natural gas share of total primary energy consumption in Finland was approximately 7 % in 

2014 (Statistics Finland, 2015). Figure 2.2 shows the development of natural gas 

consumption during the years 1974-2014. As can be seen from the figure, gas consumption 

has decreased sharply in recent years. The main reasons for this are the tax increases as 

well as the general economic downturn. Also, good hydrological situation in Nordic countries 

has affected decreasingly to consumption. (Energy Authority 2013) 

. 
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Figure 2.2. Natural gas consumption in Finland 1974-2014. (Gasum Oy 2015b) 

Figure 2.3 illustrates the natural gas end-use by market categories in 2013. As can be seen 

from the figure, most of the gas is used in industry and CHP (Combined Heat and Power) 

or district heat production. The direct use of gas in residential heating is minimal. (Finnish 

Gas Association 2014a) 

 

Figure 2.3. Natural gas consumption by market categories in 2013. (Finnish Gas Association 2014a) 
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Natural gas can be liquefied by cooling it to -162 °C and thus it is called liquefied natural 

gas (LNG). LNG’s space demand is only 1/600 part of gaseous natural gas. Thus as 

liquefied, it can be transported by a variety of logistics solutions such as trucks and ships. 

At the moment, LNG is used mainly as fuel for marine traffic. However, it is also spreading 

to inland due to the various on-going terminal projects on the coast. For instance, Gasum’s 

subsidiary Skangas is building a LNG-import terminal in Pori at the moment. (Gasum Oy 

2014b) 

Biogas is a renewable and domestic fuel and it can be produced in a various ways. The 

most common way is an anaerobic digestion, where microbes are decomposing the organic 

matter in anaerobic conditions. As a result of decomposition, raw biogas, containing of 

methane (approximately 40-70 %) and carbon dioxide (30-60 %), is produced. Raw biogas 

can be utilized as such or it can be upgraded to almost pure methane in which case it 

responds to fossil natural gas. In Finland, biogas is mainly produced in urban and industrial 

waste water treatment plants, solid waste biogas plants as well as in farms. (Finnish Biogas 

Association 2010)  

Bio-SNG (Synthetic Natural Gas) is wood based biogas produced via thermal gasification. 

In bio-SNG production, biomass is converted via gasification into a product gas and, after 

tar removal and cleaning, conversion of the carbon monoxide and hydrogen in the gas to 

methane by catalytic methanation. After methanation, the SNG product has to be upgraded 

by removal of carbon dioxide and water in order to achieve the requirements of pipeline 

natural gas. (Zwart et al 2006). However, there is not any existing SNG-plants at the 

moment in Finland.  

Power-to-gas-method is a biogas production way, where from renewable sources (wind, 

solar) produced electricity can be stored by converting it into a gas. This method may be 

relevant in the future if the share of wind and solar power in electricity production will 

increase significantly. Thus the production may exceed the consumption at the times and 

therefore the excess electricity should be stored. Power-to-gas-method is under intense 

investigation. Upgraded biogas and LNG can be used in the exactly same applications as 

traditional pipe-natural gas. (Gasum Oy 2014a) 

2.2 Properties 

Natural gas is colorless, non-toxic and its density is approximately half of the air density. 

Traditional pipe-natural gas consist of mostly methane and rest of it are small amounts of 

nitrogen, ethane, propane and some other heavy hydrocarbons (see table 2.1). 

 



19 
 

Table 2.1. General composition of pipe-natural gas imported to Finland. (Finnish Gas Association 2014b) 

Methane 98,0 % 

Ethane 1,0 % 

Propane 0,2 % 

Butane 0,02 % 

Nitrogen 0,9 % 

Carbon dioxide 0,1 % 

 

The most important combustion technical feature of fuel is its heating value. LHV (lower 

heating value) is generally used in Finland. Table 2.2 shows some characteristics of 

methane, for instance, heating values and density in NTP-condition (Normal Temperature 

and Pressure). Wobbe-index is a key factor in a gas combustion technical point of view. 

The value is LHV divided by the relative density square root. Wobbe-index may differ 

significantly between different gases. Gas burner can burn gases which are having 

approximately same Wobbe-indexes. Otherwise the device requires, for instance, nozzle 

adjustment. In leak situations, methane arises into the sky due to its relative density. 

(Finnish Gas Association 2014b) 

Table 2.2. Characteristics of methane (CH4). (Finnish Gas Association 2014b) 

Molecular weight kg/mol 16,04 

Density (ρ) kg/m3(n) 0,72 

Relative density* kg/m3 0,56 

Higher heating value (HHV) MJ/m3(n) 39,8 

 MJ/kg 55,3 

Lower heating value (LHV) MJ/m3(n) 36,0 

 MJ/kg 50 

Wobbe-index (LHV) MJ/m3(n) 47,6 

Adiabatic combustion 

temperature (λ=1) 

°C 1915 

*relative to the air density 1,293 kg/m3(n) 

Narrow ignition limits and significant high ignition temperatures are typical for gaseous fuels. 

For methane, the ignition temperature limit is approximately 600 °C. However, the energy 

demand for ignition is relatively low, less than 1 MJ. The precondition demand for gas 

ignition is the correct mixture with the combustion air. Natural gas must be mixed into the 

air for at least 5 vol%, but less than 15 vol%. However, these values are depending on the 

oxygen content and temperature of the combustion air. (Riikonen 1997) 
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2.3 Combustion 

Due to fact that natural gas contains mostly methane, the combustion of methane is 

examined in this part. The combustion of natural gas is complicated process, which consist 

of hundreds of reactions and steps. However, the combustion of methane can be simplified 

to a following reaction: 

𝐶𝐻4 + 2𝑂2 → 𝐶𝑂2 + 2𝐻2𝑂   (2.1) 

The products of combustion are therefore carbon dioxide and water vapor. The heat amount 

released in the reaction is the amount of the heating value. Table 2.3 illustrates the 

stoichiometric combustion of methane. 

Table 2.3. Combustion of methane. (Riikonen 1997) 

Reaction CH4         + 2O2                 → CO2             + 2H2O 

Molar amount 1 mol 2 mol 1 mol 2 mol 

Molar mass 16 g/mol 32 g/mol 44 g/mol 18 g/mol 

Mass 16 g 64 g 44 g 36 g 

 1 kg 4 kg 2,75 kg 2,25 kg 

 

Air composition is approximately 76,9 %-w nitrogen (N2) and 23,1 %-w oxygen (O2). 

Therefore the stoichiometric air demand is: 

𝐴𝑖𝑟𝑚𝑖𝑛 =
𝑚𝑂2,𝑠𝑡 

𝑥𝑂2,𝑎𝑖𝑟
=

4 𝑘𝑔

0,231
= 17,3 

𝑘𝑔

𝑘𝑔𝐶𝐻4 
  (2.2) 

Therefore flue gases are always containing significant amount of nitrogen if air is used as 

an oxidizer. (Riikonen 1997). 

Combustion of 1 kg methane produces 18,2 kg flue gases, where 2,75 kg is carbon dioxide, 

2,25 kg water vapor and 13,2 kg nitrogen. The methane flue gas composition shares in 

stoichiometric combustion (λ=1) is shown in Table 2.4. (Finnish Gas Association 2014b) 

Table 2.4. Flue gases of methane in stoichiometric combustion. (Finnish Gas Association 2014b) 

CO2 9,5 %-V 15,1 %-w 

H2O 19,0 %-V 12,4 %-w 

N2 71,5 %-V 72,5 %-w 

O2 0 %-V 0 %-w 
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Table 2.5 shows a comparison of a various fossil fuel flue gases. As can be seen from the 

table, natural gas has the lowest CO2-emission when compared to the other fossil fuels. It 

is also worth noticing that natural gas has a significantly high water vapor content in the flue 

gases and that has a big influence to the heat transfer features. Due to high water content, 

flue gases are containing also a lot of latent heat of water vaporization. This heat can be 

recovered for this purpose designed heat exchanger. (Riikonen 1997) 

Table 2.5. Comparison of flue gases in stoichiometric combustion (λ=1,0). (Riikonen 1997) 

 Natural gas Propane Light fuel oil Heavy fuel oil 

Density 

Gas, kg/m3(n) 

Oil, kg/m3(n) 

 

0,72 

- 

 

2,01 

- 

 

- 

0,85 

 

- 

0,96 

LHV 

Gas, MJ/m3(n) 

Oil, MJ/kg 

 

36,0 

- 

 

93,6 

- 

 

- 

42,7 

 

- 

40,6 

Stoichiometric 

combustion air 

demand 

m3/ m3 

m3/kg 

 

 

 

9,6 

13,4 

 

 

 

24,3 

12,1 

 

 

 

- 

11,2 

 

 

 

- 

10,7 

Theoretical flue 

gas amount 

-Dry    m3/ m3 

           m3/ kg 

-Wet   m3/ m3 

           m3/ kg 

           m3/ kWh 

 

 

8,6 

12,0 

10,6 

14,7 

1,06 

 

 

22,3 

11,1 

26,2 

13,0 

1,00 

 

 

- 

10,5 

- 

12,0 

1,01 

 

 

- 

10,0 

- 

11,3 

1,0 

CO2-max 

-Dry    vol% 

-Wet   vol% 

 

11,7 

9,5 

 

13,8 

11,6 

 

15,4 

13,5 

 

16,0 

14,1 

H2O-max vol% 19,0 15,5 12,5 11,0 

 

2.4 Flue gas dew point 

The dew point of flue gas is a characteristic temperature level where some compounds 

begins to condense and form condensate on the heat exchange surfaces. This phenomena 

demands that the surface temperature needs to be lower than the dew point. In practice, 
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there are two important dew points in combustion processes: sulfur acid and water dew 

point. At acid dew point, the Sulphur acids of flue gases begin to condense. This acidic 

condensate causes corrosion on the heat transfer surfaces. Acid dew point determines the 

lowest practical flue gas temperature level for boilers which are using sulfur containing fuels. 

For coal and heavy fuel oil boilers the lowest flue gas temperature is 180 °C. Similarly, the 

corresponding temperature level for light fuel oil is approximately 120 °C. Since natural gas 

contains almost no sulfur, it does not have the acid dew point. However, due to high content 

of water vapor in the natural gas flue gases, the water dew point is a critical factor.  

Respectively like in the acid dew point, the water dew point is the temperature level where 

the flue gas contained water vapor begins to condense. (Riikonen 1997) 

The dew point depends on several factors, but it can be calculated by means of the partial 

pressures of the flue gas components. In Dalton’s model, it is thought that the each 

component of ideal gas mixture occupies the entire volume. When the volume and 

temperature are the same for each component of the mixture, the pressure of gas 

component i depends only on gas’ mole fraction.  Dalton’s model can be stated: 

𝑝𝑖 =
𝑛𝑖

𝑛𝑡𝑜𝑡
∙ 𝑝𝑡𝑜𝑡 = 𝑥𝑖 ∙ 𝑝𝑡𝑜𝑡   (2.3) 

Where: 

  pi= partial pressure of gas component i  [Pa] 

  ni= amount of constituent of gas component i [mol] 

  ntot= total amount of constituent of gas mixture [mol] 

  ptot= total pressure of gas mixture  [Pa] 

  xi= mole fraction of gas component i   [-] 

If the normal atmosphere pressure (101,3 kPa) and stoichiometric combustion are 

assumed, and water vapor mole fraction in the flue gases is 19,0 %, the water vapor partial 

pressure can be calculated with equation (2.3): 

𝑝𝐻2𝑂 = 𝑥𝐻2𝑂 ∙ 𝑝𝑡𝑜𝑡 = 0,19 ∙ 101,3 𝑘𝑃𝑎 = 19,22 𝑘𝑃𝑎 

Interpolating from the properties of saturated water tables (see appendix 6 and 7), the water 

dew point in the flue gases can be found. For pressure of 18,00 kPa, table gives saturation 

temperature of 57,8 °C and for the pressure of 20,00 kPa respectively 60,1 °C. Thus 

interpolating gives saturation temperature of 59,2 °C for the pressure 19,22 kPa. This is the 

dew point for pure methane flue gases in stoichiometric combustion. Figure 2.4 shows the 
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water dew point for natural gas flue gases as a function of excess air ratio. As can be seen 

from the figure, the dew point is strongly dependent on the excess air ratio. This is because 

when the excess air ratio increases, the amount of flue gases increases and at the same 

time, the partial pressure of water vapor decreases. When the partial pressure decreases, 

also the dew point decreases. (Tynjälä 2015) 

 

Figure 2.4. Natural gas water dew point as a function of excess air ratio. (Finnish Gas Association 2014b) 

For typical pipe-natural gas imported to Finland, the water dew point is approximately 57 °C 

in stoichiometric combustion. (Riikonen 1997) 
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3 HEAT PUMP SYSTEM TECHNOLOGIES 

This chapter examines the heat pump system technologies, operating principles and 

performance factors. Also, the simple process calculation equations are evaluated. The 

examined heat pump technologies are compressor and absorption heat pump. Compressor 

heat pump can be driven by both electricity and gas while absorption heat pump is a 

thermally driven heat pump. 

3.1 Compressor heat pump 

Compressor heat pump is the most common heat pump-technology type. The vast majority 

of heat pumps are based on the compressor process. 

3.1.1 Operating principle and components 

Simple compressor heat pump components are heat exchangers (evaporator and 

condenser), compressor, expansion valve and these components connecting piping. The 

operating principle is based on evaporation and condensation of working fluid, or so called 

refrigerant, between two pressure levels. The refrigerant passes through all the 

components. Figure 3.1 shows the layout of the components. At point 1 in the figure, 

saturated or a few degrees superheated gaseous refrigerant flows to the compressor where 

its pressure and temperature are increased. After compression at point 2, the high pressure 

and high temperature working fluid flows through condenser releasing heat to a sink and at 

the same time the refrigerant condensates. After condensation, the refrigerant-liquid is still 

at high pressure at point 3. Therefore it flows through expansion valve and the pressure 

decreases. At the same time part of the refrigerant liquid evaporates. Now at point 4 the 

low-pressure liquid-gas solution refrigerant flows through evaporator extracting heat from 

low-temperature source. The rest of the refrigerant liquid evaporates and the cycle starts 

over again. (De Kleijn 2015) 
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Figure 3.1. The simple compressor heat pump process. (Tynjälä 2015) 

3.1.1.1 Compressor 

Compressor compresses the circulating refrigerant steam into a high pressure level and at 

the same time the refrigerant heats up strongly. This temperature increase enables heat 

transfer from the refrigerant to a sink in a condenser. The compressor needs to be energy 

efficient, but also its operation parameters needs to fit to the limits placed on application by 

the evaporation and condensate temperatures. Other desirable features are mechanical 

reliability and quiet operation.   

Compressors can be classified by different pressure generating methods into positive 

displacement or dynamic method. The principle in the positive displacement compressor is 

that an actuator such as piston, screw or scroll displaces a certain volume of gas from a 

lower pressure to a higher pressure level during every actuator revolution round. (Larjola & 

Jaatinen, 2013a). The common types of positive displacement compressors used in heat 

pump applications are reciprocating, vane and rotary compressors such as screw and scroll 

compressors (Aittomäki 2012). 

The working principle of dynamic compressor is based on the fact that the relative flow 

speed of fluid is decelerated in the compressor in which case the pressure increases 

according to the Bernoulli law. Mainly centrifugal type (turbo) of dynamic compressors is 

suitable for heat pump applications and especially for large heat pump applications due to 

its high power range. Typical areas of use are high power and low pressure ratio (low 

temperature difference) demanding heat pump applications. (Larjola & Jaatinen 2013b). 
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Table 3.1 is showing the typical compressor types for various power ranges in heat pump 

application. 

Table 3.1. Typical compressor types for and power ranges for heat pumps. (Tynjälä 2015) 

Compressor type Typical power range 

Reciprocating compressor 0-200 kW 

Scroll compressor 0-100 kW 

Screw compressor 200-1000 kW 

Turbo compressor 1000 kW- 

 

3.1.1.2 Refrigerants 

Refrigerant circulates through the heat pump to absorb, transport and release heat. Heat 

absorption is made by boiling (evaporation) and heat releasing by condensation of 

refrigerant. Thus the process is based on the latent heat of refrigerant’s phase change. The 

boiling points of refrigerants are depending on pressure; the higher the pressure, the higher 

boiling points and vice versa. Different refrigerants have different characteristics and 

refrigerant used in certain application is chosen based on requirements of the application in 

question. However, use of refrigerants is regulated because some of those can cause 

environmental damage and some may be otherwise harmful or dangerous, for instance, 

flammable. (IEA Heat Pump Centre 2015) 

Refrigerants are normally denoted by symbol R followed by a combination of numbers. The 

numbers are describing the chemical structure of the refrigerant. Other way to denote the 

refrigerant is to use the abbreviation of generic chemical name of the substance (Aittomäki, 

2012). Halocarbons (CFCs) and hydrohalocarbons (HCFCs) were traditionally used 

refrigerants. However, research showed that these substances are harmful to the 

environment due to their high global warming potentials (GWP) and ozone depletion 

potentials (ODP). In practice, the use of this substances are banned by national legislations 

in most of the countries. Hydrofluorocarbons (HFCs) were developed to replace CFCs and 

HCFCs. HFCs are not causing ozone depletion, but those are having still quite high GWP-

values. HFC-mixtures were developed as alternatives for pure HFCs to reduce the GWP-

potential. These mixtures are typically having a temperature glide instead of constant 

temperature at the phase change point. Also substances that are existing naturally in the 

environment are in use as refrigerant. These are called natural refrigerants and generally 

these are not causing ozone depletion or global warming. (IEA Heat Pump Centre 2015) 
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The characteristics of a refrigerant can be presented on the logarithmic pressure-enthalpy-

diagram. The particular diagram is shown in figure 3.2 for the refrigerant R134a. Specific 

enthalpy can be read on the horizontal axis and pressure on the vertical axis. The red lines 

are constant temperature lines, the green vapor specific volume and blue constant entropy 

lines. The arc-shaped black line is describing saturated liquid and saturated steam. 

Refrigerant is in liquid phase on the left side of the arc and respectively gaseous on the right 

side. The area bounded by the arc is the wet steam region. The critical point is located on 

the top of the arc. In the case of R134a, the point is approximately at 40 bar pressure and 

100 °C temperature. Above this point, the refrigerant is at its supercritical area. In this area 

the fluid and gaseous phase can no longer be distinguished.  

 

Figure 3.2. An example diagram of refrigerant (R134a) pressure-enthalpy characteristics. 

Selection criteria for refrigerants are generally thermodynamical and chemical properties as 

well as environmental and health impacts. Thermodynamical properties are determining the 

behavior of the refrigerant in the heat pump process. Significant issues are for instance 

steam pressure and heat of vaporization. Steam pressure is setting the structural limits and 

thus also the temperature limits for the process. Pressure demands are determining thus 

also the required compressor work into the process. Good stability of the refrigerant and 

nonflammability are desirable chemical properties. Environmental impacts have already 

caused the removal of many refrigerants. Toxic refrigerant demands accurate leak detection 
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and control system. Possible effects on humans needs to take into account. (Aittomäki 

2012) 

Above mentioned R134a is the only pure HFC-substance (non-mixture) in heat pump use 

(Aittomäki 2012). Other commonly used refrigerants in heat pump applications are 

nowadays HFC-mixtures R407C and 410A and natural refrigerants R717 (ammonia) and 

R744 (carbon dioxide). Pressure-enthalpy-diagrams of these can be found from appendix 

1-5. R134a is typical refrigerant for medium sized or large heat pump systems. Its pressure-

level is fairly low which means that its specific volume is large and thus the demanded 

component size is higher. R407c and R410a are usually used in small to medium sized heat 

pumps. R410a is typical in applications where both cooling and heating is demanded and 

in low temperature heat pump systems. The swept volume of R410a is lower as compared 

to R134a. Thus the demanded component sizes are smaller. R717 (ammonia) is the most 

used refrigerant in industrial applications. Ammonia has a wide temperature range. 

However, it demands also a high pressure which causes demands for the component 

structures. As a natural refrigerant, ammonia does not contribute to the greenhouse effect. 

However, it is inflammable and toxic so the safety aspects needs to be considered carefully 

when it is used. Ammonia has a strong odor which makes leakage-detecting easy. R744 

(carbon dioxide) is also a natural refrigerant but due to its low critical point (31 °C at 74 bar), 

the heat pump can be applied only in situations where heating is allowed at non-constant 

temperature. Also the high vapor pressure is posing challenges to the components strength. 

Some heat pumps are operating above the supercritical temperature. (De Kleijn 2015) 

3.1.1.3 Heat exchangers, valves and piping 

Evaporator and condenser are the heat exchangers in the process. Objective of these are 

to transfer heat between refrigerant, sink and source. In the evaporator, the refrigerant 

evaporates at couple of degrees lower temperature than the source temperature. In terms 

of heat transfer, the phenomena is boiling. Respectively, in the condenser, the hot 

refrigerant condenses at a bit higher temperature-level than the level in the sink in the 

process. (Aittomäki 2012). Figure 3.3 illustrates the temperature behavior in both heat 

exchangers. In accordance with the rules of thermodynamics, the temperature level remains 

constant until all of the refrigerant has been evaporated or condensed. (Larjola & Jaatinen 

2013b) 
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Figure 3.3. Temperature diagrams of condenser and evaporator. (Larjola & Jaatinen 2013b) 

Heat exchanger types in the process are depended on what fluids the process are cooling 

or heating. However, the common for all the heat pump heat exchangers are that usually 

those are recuperative-type. In the recuperative heat exchanger two fluids are separated 

with the heat transfer surface and usually it does not have any moving parts. These heat 

exchangers can be classified according to flow arrangement and type of construction. 

Typical heat exchanger construction types are for instance tube-, plate- and lamella-heat 

exchangers. In turn, typical flow arrangement types are cross-flow-, counter flow- and 

parallel flow heat exchangers. 

The heat flow of heat exchanger can be calculated by following equation: 

𝜙 = 𝑈𝐴∆𝑇𝑙𝑚    (3.1) 
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Where: 

  Φ= heat flow    [W]  

  U= overall heat transfer coefficient  [W/m2K] 

  A= heat transfer area   [m2] 

  ΔTlm= logarithmic mean temperature difference [K] 

To determine the logarithmic mean temperature difference, there exist case-by-case 

equations and plots. Also overall heat transfer coefficient is depended on the case in 

question. Heat transfer occurs mostly by convection in heat exchangers. In practice, heat 

exchanger heat flow can be increased by increasing the temperature difference, heat 

transfer area or by affecting to heat transfer coefficient. Heat transfer coefficient is 

dependent among other things on the heat exchanger material and the heat transfer fluid. 

(Incropera et al. 2007) 

Compressor heat pump process is adjusted and controlled by different valves. The process 

contains various valves to control the pressure and refrigerant flow as well as to protect the 

components. Expansion valve controls the spraying of the refrigerant into the evaporator 

and pressure valves are controlling the suction and condensing pressures. Valves can be 

operated by various principles. Adjusting of the valve can be based on, for example, the 

measurements of pressure, temperature or the refrigerant superheating. 

Essential things in piping are the use purpose of pipe, the phase of flowing refrigerant and 

temperature. The material is dependent on the refrigerant. In HFC applications copper pipes 

are commonly used. Ammonia needs always steel pipes because it is corrosive to copper. 

The pipe size is dependent on the size of the heat pump. Pressure losses must be taken 

into account as well in heat exchangers as in piping. Pressure losses are caused due to 

friction in pipes, heat exchangers and valves. Pipe size reduction decreases the investment 

costs, but on the other hand the pressure losses increases and thus energy consumption 

increases. Therefore pressure losses should be considered carefully and pipe sizing needs 

to be optimized. (Aittomäki 2012) 

3.1.2 Process calculation 

The compressor heat pump process can be considered as reverse Clausius-Rankine 

process. Figure 3.4 illustrates the process in logarithmic pressure-enthalpy-coordinates.  
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Figure 3.4. The Reverse Clausius-Rankine process. (Tynjälä 2015) 

The ideal reverse Clausius-Rankine process stages shown in the figure are: 

12s  Isentropic (lossless) compression. 

12 Compression including compression losses. 

23  Superheat removal in condenser or separate heat exchanger and 

condensation in the condenser. Possible subcooling at the constant pressure. 

34 Throttling of refrigerant liquid in expansion valve, part of the liquid evaporates. 

The throttling is isenthalpic process and thus enthalpy is constant. 

41 Evaporation of the refrigerant to the couple of degrees superheated steam. 

In the real process, all the stages are including losses which in practice means that such 

process does not occur isentropically, without heat losses or at constant pressure. 

Complete isolation of the process is impossible so heat leaks to the environment from the 

process or vice versa occurs always. Pressure losses occurs in heat exchangers as well as 

in compressor valves and piping. (Aittomäki 2012) 

A natural comparison process for compression in heat pump applications is adiabatic and 

lossless compression also known as isentropic compression. In the isentropic compression 

entropy is constant: Δs=0 J/K. Due to various losses, the entropy increases in actual 
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compression. Thus a term isentropic efficiency, ηs, is typically used for compressors. 

Isentropic efficiency can be determined: 

𝜂𝑠 =
𝐼𝑠𝑒𝑛𝑡𝑟𝑜𝑝𝑖𝑐 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 𝑤𝑜𝑟𝑘

𝐴𝑐𝑡𝑢𝑎𝑙 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 𝑤𝑜𝑟𝑘
=

∆ℎ𝑠,𝑐𝑜𝑚𝑝

∆ℎ𝑐𝑜𝑚𝑝
=

ℎ2𝑠−ℎ1

ℎ2−ℎ1
 (3.2) 

Where: 

Δhs, comp= isentropic enthalpy change from pressure 1 to pressure 2 [J/kg] 

Δhcomp= enthalpy change from pressure 1 to pressure 2 [J/kg] 

The subscripts are referring to figure 3.4 process points. Typical isentropic efficiency values 

for compressors are 75…85 % (Tynjälä 2015). (Larjola & Jaatinen 2013a). 

A term Coefficient of Performance (COP) is used instead of traditional efficiency for heat 

pumps. For theoretical process, COP value can be determined as follows (Aittomäki 2012): 

𝐶𝑂𝑃 =
ℎ3−ℎ2

ℎ2−ℎ1
    (3.3) 

Where: 

 h1= refrigerant’s specific enthalpy before the compression  [J/kg] 

 h2= refrigerant’s specific enthalpy after the compression  [J/kg] 

 h3= refrigerant’s specific enthalpy after the condensation  [J/kg] 

Power and heat flow can be calculated if the mass flow and enthalpy changes of refrigerant 

are known. Thus the power of compressor and heat flows of evaporator and condensator 

can be calculated by following equation (Larjola & Jaatinen 2013b):  

𝑃 (𝑜𝑟 𝜙) = �̇�𝛥ℎ   (3.4) 

Where: 

  P= power    [W] 

  Φ= heat flow    [W] 

  ṁ= refrigerant mass flow   [kg/s] 

  Δh= refrigerant’s enthalpy change in the component [J/kg] 

Usually the driven motor efficiency is taken into account when the heat pump COP is 

calculated. However, since in this thesis the driven motors are working by a different 

principles and other is offering extra heat sources, the efficiency of the motor is neglected 
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at this point. Now stating COP-equations are values when only the heat pump process is 

reviewed without the driven input power losses. Thus COP-values can be stated: 

𝐶𝑂𝑃 =
𝜙𝑐𝑜𝑛𝑑

𝑃𝑐𝑜𝑚𝑝
    (3.5) 

Where: 

  Φcond= heat output from condenser  [W] 

Pcomp = compressor input power  [W] 

For instance a heat pump with COP-value of 4 for heating application means that with 1 kW 

compressor input power, condensator extracts 4 kW useful heat output to sink. Therefore 

evaporator heat input is 3 kW. 

3.1.3 Electric heat pump 

Electric heat pump (EHP) is a compressor heat pump which is driven by electric motor. 

Electric motor is a device that converts electrical energy into mechanical energy. The 

principle of electric motor is based on electrical magnets, which can be switched on and off. 

Electric motor includes two basic parts; a rotating shaft with a rotor and a stationary stator. 

Electronic magnetic field can be obtained in the stator or the rotor. The counter pair can be 

electromagnet or permanent magnet. (Motiva 2014b). There are numerous types of electric 

motors according to operating principle. However, generally the majority (more than 96 %) 

of the industrial motors are alternating current motors and from these approximately 90 % 

are induction machines. Induction motors are popular since they are maintenance free, 

robust, versatile and efficient and can be produced cost-effectively. (Lemmens & Deprez 

2012) 

Also in EHPs, the most common electric motor type is induction machine. Smaller scale 

EHPs are usually driven by one phase-motors and in bigger scale pumps by three-phase 

motor. The electric grid network frequency in Europe is 50 Hz (3000 rpm). The induction 

motor is running almost at the same speed, but due to its operating principle, the speed 

lags a bit from the network frequency. Therefore the actual revolution speed is 

approximately 2900 rpm if the motor is not equipped with frequency controller. In bigger 

scale three-phase motors running speed of 1450 rpm is also used. (Perälä & Perälä 2013) 

Electric motor efficiency can be determined with energy balance. Efficiency is the ratio 

between output mechanical power and input electrical power: 

𝜂𝑚𝑒𝑐ℎ,𝑒𝑚 =
𝑃𝑚𝑒𝑐ℎ,𝑒𝑚

𝑃𝑒𝑙,𝑒𝑚
   (3.6) 
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Where: 

  ηmech,em = electric motor mechanical efficiency [-] 

  Pmech,em= motor mechanical output power [W] 

Pel,em= motor electrical input power  [W] 

Motor size has an impact to its overall efficiency. Due to scaling laws, efficiency rises with 

increasing size of active parts (conductors and core). Therefore bigger motors has better 

efficiency. This is illustrated in figure 3.5 where the rated efficiencies are plotted as function 

of rated power for a series of motors. As can be seen from the figure, electric motor 

efficiencies are varying typically between 0,82… 0,97 depending on the motor size. The 

losses are mainly heat losses in the different parts of motor.  (Lemmens & Deprez 2012) 

 

Figure 3.5. Rated load efficiency of some induction motors based on manufacturer data. (Lemmens & Deprez 

2012) 

Electric motor and compressor can be mounted in various ways related to each other. This 

determines the structure of compressor-motor combination. The structure description tells 

how the compressor and motor are situated in relation to the refrigerant being compressed. 

The structures are usually described to be open, hermetic or semi-hermetic. In hermetic 

compressor, motor and compressor are both sealed in the gap welded shell. In semi-

hermetic compressor the shell can be opened and in open compressor, the compressor 

and motor is mounted separately and those are connected by axle. The advantages of 

hermetic structure are good protection from external influences, reduction of heat losses 

and thus efficient cooling of motor-compressor combination. When refrigerant flow is used 
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to cool the motor, the system efficiency increases since part of the heat losses of motor can 

be transformed into refrigerant. The disadvantage is that the fault repair is more difficult. In 

practice, if hermetic compressor breaks down, the whole compressor-motor combination 

needs to be replaced. Hermetic compressor types for electric motors exist in 50 W…50 kW 

size scale. Semi-hermetic and open structures are mainly used due to easier maintenance 

and typically in bigger EHPs. Typically industrial EHP’s are open-type. (Aittomäki 2012) 

Nowadays EHP motors can be equipped with frequency controller. With frequency 

controller, the revolution speed of motor can be adjusted and thus the whole heat pump 

process can be adjusted. Frequency controller adjusts the voltage fed into motor. Thus 

motor’s power and revolution speed is tuned. Frequency control causes also a small heat 

losses, but however, the increased adjustability of the process replaces this. Frequency 

controllers efficiencies are typically very high, approximately between 0,97…0,99. (ABB 

Industry Oy 2001) 

In EHP, all the produced heat is from the heat pump process, if all the heat losses from the 

electric motor are assumed to exit to the environment. Therefore the achievable 

temperature levels and COP-values are depending only on the heat pump process and 

electric motor and frequency controller efficiencies. Electric motor required electric power 

can be calculated (Larjola & Jaatinen 2013b): 

𝑃𝑒𝑙,𝑒𝑚 =
𝑃𝑐𝑜𝑚𝑝

𝜂𝑚𝑒𝑐ℎ,𝑒𝑚∙𝜂𝑓𝑐
   (3.7) 

Where:   

ηfc= frequency controller efficiency   [-] 

Thus COP for EHP is: 

𝐶𝑂𝑃𝐸𝐻𝑃 =
𝜙𝑐𝑜𝑛𝑑

𝑃𝑒𝑙,𝑒𝑚
   (3.8) 

EHPs COP-value is thus taking into account only the electric power consumed from the 

grid. In this case, the coefficient does not yet reflect the total primary energy consumption 

of the device. In order to get an idea of the primary energy consumption of the device, the 

electricity production chain needs to be studied. This is done later in the thesis.  

Figure 3.6 shows the COP-test results for electric ground source heat pumps from different 

manufacturers as a function of ground source collector liquid temperature and produced hot 

water temperature. The test is made by “Tekniikan Maailma” in 2012, which is an 

independent technology journal. The results shows clearly how the temperature levels are 
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affecting to the performance of the device. Generally, ground source EHPs COP can vary 

between 2,0 and 4,5 depending on the temperature levels. (Lehtinen 2013) 

 

Figure 3.6. Electric ground source heat pumps’ COP-test results. (Lehtinen 2013) 

3.1.4 Gas engine heat pump 

Gas engine heat pump (GEHP) is a compressor heat pump, which is driven by a gas engine. 

Gas engine is an internal combustion reciprocating engine which uses natural gas as fuel 

and converts part of its energy content into a mechanical work. The fuel burns inside the 

engine’s cylinders and generated combustion gases are doing work by expanding and thus 

moving the piston and crankshaft-mechanism. Gas engines are available in power classes 

of couple of kilowatts up to tens of megawatts. Typically gas engines are used in electricity 

production, in ships as well as in cars. Gas engines can be divided into Otto or Diesel-

processes so thus the motors can be either compression ignited or spark ignited. However, 

Diesel-gas engines are demanding a small amount of some liquid ignition fuel so these 

motors are also called as Dual-Fuel engines. Typically smaller gas engines are spark 

ignited. Spark-ignited engines can operate either with stoichiometric (λ=1) or lean (λ>>1) 

mixture.  (Motiva 2014c) 

Gas engine’s efficiency can be determined also based on energy balance. Engine´s 

mechanical efficiency can be stated: 

𝜂𝑚𝑒𝑐ℎ,𝑔𝑒 =
𝑃𝑚𝑒𝑐ℎ,𝑔𝑒

𝜙𝑓,𝑔𝑒
   (3.9) 

Where: 
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  ηmech, ge= gas engine mechanical efficiency [-] 

  Pmech, ge= mechanical output power from engine [W] 

  Φf, ge= fuel input flow to engine  [W] 

Respectively, the thermal efficiency of engine can be stated: 

 

𝜂𝑡ℎ,𝑔𝑒 =
𝜙𝑡ℎ,𝑔𝑒

𝜙𝑓,𝑔𝑒
    (3.10) 

Where: 

  ηth, ge= thermal efficiency of engine  [-] 

  Φth, ge= heat recovery flow from engine  [W] 

Thus the engine total efficiency can be determined: 

𝜂𝑡𝑜𝑡 =
𝑃𝑚𝑒𝑐ℎ,𝑔𝑒+𝜙𝑡ℎ,𝑔𝑒

𝜙𝑓,𝑔𝑒
   (3.11) 

Where:  

  ηtot= total efficiency of engine  [-] 

Fuel input flow is: 

𝜙𝑓,𝑔𝑒 = �̇�𝑓 ∙ 𝑞𝐿𝐻𝑉   (3.12) 

Where: 

  ṁf= mass flow of fuel   [kg/s] 

  qLHV= lower heating value of fuel  [MJ/kg] 

If the recovered engine heat is transferred to some heat collector medium, the recovery 

heat flow can be determined: 

𝜙𝑡ℎ = �̇� ∙ 𝑐𝑝 ∙ (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)   (3.13) 

Where: 

  ṁ= mass flow of heat collector medium  [kg/s] 

  cp= specific heat capacity of heat collector medium [J/kgK] 
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Tout= temperature of heat collector medium after heat recovery

    [K] 

Tin= temperature of heat collector medium before heat recovery

    [K] 

Heat is available from different parts of the engine. Mainly from the engine cylinder jacket 

cooling, lubricant oil cooling and from hot flue gases. As can be seen from the equation 

3.13, engine’s thermal recovery flow is strongly dependent on the temperature levels used 

in application. In practice, what colder the temperature used in heat collector medium is, 

that better thermal and total efficiency are achieved. However, the temperature level is set 

by the application in where the recovered heat is used. (Larjola & Jaatinen 2013b) 

Mechanical efficiency of gas engine is also dependent on the size of the engine. Typically 

bigger engines are having a better efficiency.  Based on Motiva, the best achievable 

mechanical efficiencies for different types of gas engines can be (Motiva 2014c): 

 Diesel gas-engine  45…47 % 

 Otto-engine, stoichiometric 35…37 % 

 Otto-engine, lean  42…45 % 

Scientifically examined information about gas engine´s performance and efficiency factors 

such as temperature levels are quite poorly available. However, engine efficiency can be 

compared to the gas engines which are in use in small CHP-plants and those engine 

manufacturers given performance values. For instance CHP-gas engine manufacturer 

Tedom gives electrical efficiency values between 27 ... 43 % and heat efficiency between 

66…43 % in its product catalogue. Thus the total efficiencies are varying between 84… 94 

%. The engine size scales are between 7-2000 kWe. The manufacturer does not inform 

about the temperature levels of heat recovery. However, the values can be kept directional. 

Now it also needs to be noticed that manufacturer is informing electrical efficiency. Thus the 

mechanical efficiency can be assumed to be couple of percent higher due to generator 

losses. (Tedom 2013) 

Figure 3.7 is illustrating the coupling of gas engine and compressor heat pump. The 

engine’s crankshaft is mechanically coupled to the shaft of heat pump compressor. The 

compressor heat pump system principle is same for both gas driven and electrically driven 

heat pumps. Gas engines used in heat pump applications are usually Otto-engines and 

typically derived from fork-lift truck engines and ship engines. (van Gastel et al. 2010) 
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Figure 3.7. Gas engine compressor heat pump principle. (van Gastel et al. 2010) 

Gas engine heat pump-part operating limits are the limits set by the heat pump process. 

However, in GEHP the engine surplus heat makes possible to increase the temperature of 

delivered medium. Gas engine´s cooling circuit is operating approximately at temperature 

level of 85 °C, the exhaust flue gases are typically below 500 °C before heat recovery. 

Therefore GEHP can produce temperatures approximately up to 90 °C. A small portion (5 

to 10 %) can be increased to higher temperatures (110 °C to 120 °C) by utilizing the high 

temperature of flue gases. 

In GEHP, the obtained heat from the engine needs to count in also. Thus COP-value for 

GEHP can be determined (van Gastel et al. 2010): 

𝐶𝑂𝑃𝐺𝐸𝐻𝑃 =
𝜙𝑐𝑜𝑛𝑑+𝜙𝑡ℎ,𝑔𝑒

𝜙𝑓,𝑔𝑒
   (3.14) 

GEHP performance range based on existing products and manufacturer material has been 

investigated in Delta’s report about Gas Driven Heat Pumps (2014). According to the report, 

GEHPs COP varies in heating application between 1,2…1,6 measured in LHV. (Delta 

Energy & Environment Ltd. & David Strong Consulting Ltd. 2014). However, the report does 

not inform about the measurement temperature levels. Gas Terra´s Gas Heat Pumps-book, 

however, gives values for COP in heating application between 1,2…2,4 measured in lower 
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heating value (van Gastel et al. 2010). As was noticed, the values are greatly dependent on 

the temperature levels of application and on heat recovery stage. 

GEHP are mainly developed and studied in Asia and, especially, in Japan. The commercial 

manufacturers are mainly from Asia. Almost 800 000 units in total are sold and installed and 

approximately 10 000s installed per year in Japan. However, in Europe GEHP are quite 

rare at the moment, only 100s per year are installed from 4-6 manufacturers. (Delta Energy 

& Environment Ltd. & David Strong Consulting Ltd. 2014). The capacities are ranging from 

20 to 100 kW and the units are mainly used in medium size buildings such as schools, 

offices, commercial or industrial buildings and hotels. (Thonon 2008). Figure 3.8 shows an 

example of gas engine heat pump. 

 

Figure 3.8. Example of an air source GEHP. (BE Air conditioning 2009) 

3.2 Absorption heat pump 

Instead of mechanical compressor work, absorption heat pump is driven by thermal energy. 

In principle, thermal energy can be any enough hot stream.  

3.2.1 Operating principle and components 

The term absorption means dissolution of gas into the liquid. This phenomena is exothermic 

(heat-releasing) reaction. Inverse phenomena for absorption is desorption where gas 

releases from the liquid. This phenomena is vice versa endothermic (heat-demanding) 

reaction. Absorption and desorption are depending on the prevailing pressure and 
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temperature because the balance of the solution depends on these physical quantities. 

(Köpsi 1989) 

Figure 3.9 illustrates the operating principle and the layout of components in the simple 

single effect absorption heat pump process. The main components of absorption heat pump 

are absorber, generator, condenser and evaporator. In addition, process includes a solution 

pump and two expansion devices. Respectively like in the compressor heat pump process, 

absorption heat pump process operates between two pressure levels. The absorber-

generator pair replaces the mechanical compressor if compared to the compressor heat 

pump and it can be called thermal compressor. The cycle can be divided into two loops: 

refrigeration cycle and absorption medium cycle. (De Kleijn 2015) 

 

Figure 3.9. Absorption heat pump operating principle. (Kühn 2013) 

Refrigerant cycle circulates through generator, condenser, expansion device, evaporator, 

and absorber and through solution pump back to the generator. The driven heat is imported 

in generator and it is used for separate the refrigerant and absorption medium by boiling. 

The separated refrigerant steam is led to the condenser, where it releases heat and 

condensates at high pressure. This discharge heat is useful heat and thus can be exploited. 

After condensation, the liquid refrigerant’s pressure and temperature are decreased in 

expansion valve. The low-pressure refrigerant liquid is then led to evaporator, where it 

extracts heat from the heat source and evaporates. After evaporation, the refrigerant steam 

is led to absorber where it absorbs into a liquid absorbent medium and releases heat at the 
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same time. Also this discharge heat is useful and can be exploited. Liquid solution is 

pumped to a high pressure generator through a solution pump. This liquid state pumping 

requires significantly less work due to the considerably lower specific volume of liquid 

compared to vapor refrigerant (Kühn 2013). After pumping, the cycle starts over again in 

the generator. (De Kleijn 2015) 

Absorption medium cycle circulates between generator and absorber. The absorbent is 

diluted during the absorption process and thus it has to be regenerated to maintain its 

absorption capability. The refrigerant-absorbent solution is also called weak solution due to 

diluted absorbent. The refrigerant is boiled off from the solution in generator. Thus the 

remained solution is called strong solution due to concentrated absorbent medium. The high 

pressure strong solution flows through expansion device into a low pressure absorber. In 

the absorber, the strong solution is diluted due to absorption of refrigerant. This weak 

solution is pumped back to generator and the cycle starts over again. Typically, the process 

includes also an extra-heat exchanger between the strong and weak solution flows. This is 

called solution heat exchanger and it increases the efficiency of the process by means of 

internal heat exchange. (Kühn 2013) 

Absorption heat pump operation is mainly based on refrigerant-absorption medium pair and 

especially its behavior as a solution. A balance prevails between steam and absorbed gas 

in a certain pressure and temperature. When the temperature or pressure changes, the 

balance changes in which case more gas will absorb or desorpt. The balance and the 

process is usually presented in coordinates of which axes are the inverse value of 

temperature 1/T and the logarithmic value of pressure log p. Figure 3.10 shows an example 

of absorption process in these coordinates. In this type of diagram isosterics (constant 

concentration lines) are linear with almost all the mixture ratios. This is the reason why 

Clausius-diagrams are commonly used when the absorption heat pump process is 

illustrated. (Koljonen & Sipilä 1998) 
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Figure 3.10. Absorption heat pump cycle in Clausius diagram. (Kühn 2013) 

The above presented figure illustrates clearly the two pressure and three temperature levels 

of the process. xw and xs are the absorbent mass fractions of the weak and strong solution. 

Δx is called the concentration difference between strong and weak solution. The mass 

fraction of absorbent is defined as the mass ratio of absorbent mass to the total mass of 

solution. In ideal case, the absorbent mass fraction of the refrigerant is 0. Thus there is no 

absorbent in the refrigerant cycle in condenser and evaporator. (Kühn 2013) 

Above presented cycle is called single stage absorption heat pump process. However, 

several modifications of this cycle has been developed in order to achieve higher 

temperature lift between source and sink and better performances. The adapted cycles are 

for instance double-effect, two-stage and triple-effect cycles. These cycles can include, for 

instance, two generators that operates in different pressure levels. (Kühn 2013). However, 

now the modifications are untreated and only single stage process is reviewed. 

3.2.2 Absorption medium and refrigerant pairs 

Table 3.2 is showing the demands for absorption process working medium pair. Refrigerant 

and absorption medium evaporation temperature difference should be at least 200-300 °C 

in order to achieve effective separation of used substances in generator. (Koljonen & Sipilä 

1998) 
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Table 3.2. Demands for the working medium pair. (Koljonen & Sipilä 1998) 

Refrigerant Absorption medium Mixture 

High latent heat 

High critical temperature 

“Medium” steam pressure 

Low freezing point 

Low viscosity 

Low steam pressure 

Low viscosity 

Not solid phase 

Nontoxic 

Good solubility in each other of 

refrigerant and absorption medium 

Nonflammable 

 

Working pair mediums has been studied and developed a lot, but despite of this, mainly two 

pairs are in use. The most common working pairs are ammonia/water and water/lithium 

bromide. In ammonia/water –pair, ammonia is the refrigerant and water absorption medium 

while in water/lithium bromide -pair water is the refrigerant. (Aittomäki 2012). Absorption 

cycle working medium pairs are natural fluids, so therefore those are not contributing global 

warming or ozone depletion (Wu et al 2014). 

Water-lithium bromide-system is used typically for moderate temperature levels (above 50 

°C) and usually used in air-condition applications (Kaushkik & Singh 2014). LiBr-salt is, in 

practice, non-volatile and thus the separation of water and LiBr in generator is easily 

achieved without rectification. Good features of water as refrigerant are high latent heat, 

good chemical stability, non-toxicity, environment-neutrality and economic efficiency. The 

drawbacks are the low vapor pressure which requires a vacuum-tight construction of 

vessels. Due to water freezing point, the system is not able to work below 0 °C evaporator 

temperature level. The temperature lift for this system is limited by the crystallization limit. 

(Kühn, 2013). The possible maximum achievable temperature level for this working pair is 

a slightly more than 100 °C. (Aittomäki 2012). Figure 3.11 shows an example of absorption 

heat pump process plotted over the vapor pressure lines of water/LiBr working pair. The 

limits of the process can be seen easily from the figure. 
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Figure 3.11. Water/LiBr-absorption cycle example. (Kühn 2013) 

Ammonia/water working medium pair is used in low temperature (below 50 °C) applications 

(Kaushkik & Singh 2014). Good features of ammonia as refrigerant are high latent heat, low 

freezing point and low viscosity. In contrast to water, ammonia is toxic, flammable and 

explosive in air for some concentrations which are causing safety demands. Ammonia is 

also having a high vapor pressure which increases the demanded solution heat pump work. 

Ammonia and water boiling point difference is low (approximately 133 °C) and thus the 

separation of these substances are demanding a rectifier after generator. The need of 

rectifier is also decreasing the efficiency of system. (Koljonen & Sipilä 1998). 

Ammonia/water working medium pair can operate even -40 °C evaporator temperature and 

thus it is typically used in heat pump applications. Ammonia/water working medium pair 

does not have a crystallization limit. However, the maximum achievable temperature is 

limited by high pressure of ammonia and thus structural limitations. Figure 3.12 illustrates 

the absorption heat pump process plotted over the vapor pressure lines of ammonia/water 

working pair. Above mentioned temperature limits can be seen easily from the figure. (Kühn 

2013) 
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Figure 3.12. Ammonia/water-absorption cycle example. (Kühn 2013) 

3.2.3 Process calculation 

The following equations are based on source (Kaushkik & Singh 2014). Absorption heat 

pump process can be calculated and simulated based on thermodynamical analysis and 

energy balance of the system. Simple theoretical numerical calculation includes a lot of 

assumptions what differs from reality. In theoretical calculations, steady state and flow, 

neglected pressure losses and only pure refrigerant boiling in the generator are assumed. 

Figure 3.13 shows the process calculation points. 



47 
 

 

Figure 3.13. Simple single-effect absorption heat pump process calculation points. 

Let: 

  ṁr= mass flow rate of refrigerant  [kg/s] 

  ṁs= mass flow rate of strong solution  [kg/s] 

  ṁw= mass flow rate of weak solution  [kg/s] 

Heat flow (Φ) for heat pump’s each component can be evaluated. For condenser: 

𝜙𝑐𝑜𝑛𝑑 = �̇�𝑟(ℎ5 − ℎ6)   (3.15) 

Where: 

  Φcond= condenser heat output  [W] 

  h5= enthalpy of refrigerant before condenser [J/kg] 

  h6= enthalpy of refrigerant after condenser [J/kg] 
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Process is isenthalpic in expansion valve, so thus the mass flow and enthalpy keeps 

constant. Thus h6=h7. For evaporator: 

𝜙𝑒𝑣 = �̇�𝑟(ℎ7 − ℎ8)   (3.16) 

Where: 

  Φev= evaporator heat input   [W] 

  h7= enthalpy of refrigerant before evaporator [J/kg] 

  h8= enthalpy of refrigerant after evaporator [J/kg] 

Absorber combines two incoming streams and one stream is flowing out. Thus mass 

balance can be stated: 

�̇�𝑟 + �̇�𝑠 = �̇�𝑤   (3.17) 

Circulation ratio, f, is a characteristic number for absorption heat pump. It can be defined: 

𝑓 =
�̇�𝑤

�̇�𝑟
    (3.18) 

Where: 

  f= circulation ratio   [-] 

Combining equations 3.17 and 3.18, the following can be stated: 

�̇�𝑤 = (1 +  𝑓)�̇�𝑟   (3.19) 

Using the mass fractions of absorbent medium: 

�̇�𝑟 + (1 + 𝑥𝑠)�̇�𝑠 = (1 + 𝑥𝑤)�̇�𝑤  (3.20) 

Where: 

  xs= absorbent mass fraction in strong solution [-] 

  xw= absorbent mass fraction in weak solution [-] 

Now circulating ratio can be determined also: 

𝑓 =
𝑥𝑠

𝑥𝑠−𝑥𝑤
    (3.21) 

Thus heat flow for absorber is: 

𝜙𝑎𝑏𝑠 = �̇�𝑟ℎ8 + 𝑓�̇�𝑟ℎ4 − (1 + 𝑓)�̇�𝑟ℎ1  (3.22) 
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Where: 

  Φabs= absorber heat output  [W] 

  h8= refrigerant enthalpy before absorber  [J/kg] 

  h4= strong solution enthalpy before absorber [J/kg] 

  h1= weak solution enthalpy after absorber [J/kg] 

The solution pump work can be neglected because the required pumping work into process 

is only approximately 1 % of heat flow (Aittomäki 2012). Thus enthalpies h1 and h2 can be 

assumed to be equal. One stream is flowing into generator and streams are flowing out, 

thus generator mass balance is: 

�̇�𝑤 = �̇�𝑟 + �̇�𝑠   (3.23) 

And heat flow:  

 𝜙𝑔𝑒𝑛 = �̇�𝑟ℎ5 + 𝑓�̇�𝑟ℎ3 − (1 + 𝑓)�̇�𝑟ℎ2  (3.24) 

Where: 

  Φgen= generator heat flow   [W] 

  h5= refrigerant enthalpy after generator  [J/kg] 

  h3= strong solution enthalpy after generator [J/kg] 

  h2= weak solution enthalpy before generator [J/kg] 

Different literature sources are using different terms for absorption heat pump efficiency. 

For instance Kühn (2013) and Kaushkik & Singh (2014) are using COP. If the heat pump is 

assumed to be natural gas driven, then also term GUE (Gas Utilization Efficiency) is used 

in various sources. Aittomäki (2012) is using term heat ratio, (ζ), which is commonly used 

in Finland. However, all the terms are meaning the same, so the ratio of output and input 

power. Now COP is used in order to keep comparison clear and for absorption heat pump 

it can be stated (Kaushkik & Singh 2014): 

𝐶𝑂𝑃𝐴𝐻𝑃 =
𝜙𝑐𝑜𝑛𝑑+𝜙𝑎𝑏𝑠

𝜙𝑔𝑒𝑛
   (3.25) 

Enthalpies of pure water can be found from water properties tables. Enthalpies of pure 

ammonia can be determined, for instance, from logarithmic pressure-enthalpy plot. Working 

medium pair properties can be found from literature as in form of pressure-temperature-
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concentration-enthalpy charts. The particular chart for ammonia-water can be found in 

appendix 8 of this thesis. 

3.2.4 Gas absorption heat pump 

Gas absorption heat pump (GAHP) is an absorption heat pump driven by natural gas burner. 

Thus the generator input power is covered by combustion of gas and COP is thus: 

𝐶𝑂𝑃𝐺𝐴𝐻𝑃 =
ϕ𝑐𝑜𝑛𝑑+ϕ𝑎𝑏𝑠

ϕ𝑓,𝑔𝑒𝑛
   (3.26) 

Where: 

  Φf, gen= fuel input flow to generator  [W] 

The advantage of gas fired absorption heat pump is that it can provide high generation 

temperatures so thus the separation process in generator is easy to carry out. (Wu et al 

2014). GAHPs are commercially available approximately in power range 30…100 kW. In 

Europe, tens of thousands GAHPs have been installed. (Delta Energy & Environment Ltd. 

& David Strong Consulting Ltd. 2014).  In commercial scale, an Italian company Robur is 

mainly the only manufacturer what is producing GAHPs for heat pump use. Other 

manufacturers also exist, but those are developing devices mainly for cooling purposes. 

(Thonon 2008) 

According to Delta’s report, GAHPs COP can vary between 1,2…1,6. (Delta Energy & 

Environment Ltd. & David Strong Consulting Ltd. 2014). Figure 3.14 shows performance 

data of air source GAHP developed by an Italian company. GUE is directly proportional to 

COP. According to the figure, GAHPs COP varies between 1,2… 1,6 at source temperature 

levels -7…+7 °C and when the delivery water temperature is 50 °C. (Wu et al 2014). The 

source is not making it clear which heating value is used. 
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Figure 3.14. Air source GAHP performance according to an Italian GAHP manufacturer. (Wu et al 2014) 

3.3 Peak load heat production in heating systems 

Ground source heat pump can be partial or full load dimensioned. Full load dimensioned 

pump is able to cover applications heat demand throughout the year. Partial load 

dimensioned pump is typically designed around 60-80 % of computational full load heat 

output. Thus approximately 95-99 % of yearly energy demand can be produced by heat 

pump and the rest of the energy demand is fulfilled with some peak load heating system. 

Peak load heating system is also operating as reserve power in case of heat pump fault. 

However, also the full load dimensioned pumps are equipped with reserve heating system 

in case of heat pump malfunction. (Motiva 2014a) 

3.3.1 Electric heating elements 

Electric ground source heat pumps are typically equipped with electric heating elements to 

produce the peak load and back-up heat (Motiva, 2014a). For electric heating elements, it 

can be assumed that the conversion efficiency from electricity into heat is 1,0. (Ministry of 

the Environment 2011). EHP’s peak load heat production is thus proportional to direct 

electric heating. It needs to be noticed that the heat production efficiency in this case does 

not include the primary energy losses in electricity production chain. 

3.3.2 Gas condensing boiler 

Gas condensing boilers are the most efficient natural gas boiler types. Typical natural gas 

space heating solution is nowadays carried out by condensing boiler. Thus gas heat pump 

system can be equipped with condensing boiler to provide the peak load and reserve heat 

production.  

Condensing boilers are designed to operate with lower water and flue gas temperatures 

than traditional boilers. Then the boiler is capable to extract more of the useful (latent) heat 
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energy from the fuel source, which is typically natural gas or propane. Water vapor is one 

of the byproducts of combustion. In traditional non-condensing boilers, all of this vapor is 

exhausted from the building within the flue gases. However, the principle of condensing 

boiler is to cool down the flue gases below water dew point and thus to recover the latent 

heat released from vapor condensate. (Riikonen 1997). Figure 3.15 illustrates the principle 

of condensing boiler.  

 

Figure 3.15. Condensing boiler operating principle. (American Combustion Industries inc. 2013) 

Because in Finland LHV of fuel is used, calculations are not taking into account the energy 

content which is committed to water vapor. Thus condensing boiler efficiency can be over 

100 %. If HHV is used, the efficiency can never exceed 100 %. (Riikonen 1997). Defu et al. 

(2004) examined the condense heat exchanger retrofitting into conventional natural gas 

boiler. Figure 3.16 shows their calculation results for natural gas boiler efficiency as a 

function of exit flue gas temperature. The boiler is having an efficiency of 89,9 % at 180 °C 

exit flue gas temperature. As can be seen from the figure, the efficiency of boiler increases 

strongly, when the flue gas water dew point is reached and the latent heat recovery begins. 

(Defu et al. 2004) 
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Figure 3.16. Condensing boiler theoretical efficiency as function of flue gas exit temperature. (Defu et al. 

2004) 

 

The National Building Code part D5 gives normative efficiency values for energy 

calculations. For natural gas condensing boiler the efficiency values are varying between 

0,99 to 1,03 during the coldest months (from October to May). (Ministry of the Environment 

2015a) 
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4 DESIGN TECHNICAL ISSUES 

This chapter reviews the sources for heat pump and especially focusing on features of 

ground as a heat source. Facility heat demands is also discussed briefly. Efficiencies of 

different systems are strongly dependent on the temperature levels of what application is in 

question. 

4.1 Ground as heat source 

Heat pumps can use several various heat sources. Usually heat pumps are named based 

on the heat source. The most common heat pump types are air source heat pumps (ASHP), 

ground source heat pumps (GSHP) and exhaust air heat pumps (EAHP). In this thesis, the 

examined heat source is ground. GSHP takes heat from the ground through the heat 

exchanger. The main advantage of ground as a heat source is that the temperature level of 

the ground is reasonably stable throughout the whole year. Thus heat pump’s performance 

does not collapse in the winter if compared to ASHP. Therefore GSHP can be used as main 

heating system. Heat pumps, which are taking heat from waters are also typically called 

ground source heat pumps. However, now only ground is examined. 

Figure 4.1 shows average temperature of ground surface in Finland. The surface 

temperature varies according to the season. However, the seasonal variation affects only 

approximately to depth of 14…16 m (see figure 4.2). In this depth the ground temperature 

stabilizes approximately to yearly average ground surface temperature level. (Geological 

Survey of Finland, 2012).  When going deeper, the temperature increases approximately 1 

°C per hundred meters due to the so-called geothermal gradient. The ascent is relatively 

low because geothermal heat flux density is only 0,03 W/m2… 0,04 W/m2 and the rock 

conductivity is 2,5 … 3,5 W/mK. Therefore most of the energy absorbed from the ground is 

derived from the sun. (Aittomäki 2012) 
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Figure 4.1. Average temperature of ground surface in Finland. (Geological Survey of Finland 2012) 

 

Figure 4.2. Seasonal variation of ground temperature. (Geological Survey of Finland 2008) 
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Heat is collected from the ground using collector pipe, which is installed in the ground. Heat 

collector liquid is circulating inside the pipe absorbing heat. Pipe can be mounted either 

horizontally or vertically (see figure 4.3). In horizontal collector, the pipe is mounted in 1…2 

m depth at least 1…2 m apart from each other. In Finland, the ground surface temperature 

drops below water freezing point in winter. In this case, collector causes frost deepening 

due to heat absorb. If heat is absorbed too much from the ground, it can cause a permanent 

frost. Therefore it is important that temperature has time to recover during the summer. The 

maximum heat absorption depends on the soil type and location (climate). The best soil 

types are clay and silt. In Southern Finland, approximately 50…60 kWh/m heat can be 

absorbed in a year. In Northern Finland the amount is approximately half of this. The criteria 

for heat absorption is not only the pipe length, also the surface area counts. Normally, this 

is also a challenge, because in Finland there is rarely enough thick layers of soil before the 

bedrock is encountered.  

Vertical collector is the most common solution in GSHP applications. Over 60 % of ground 

source heating systems are carried out by borehole. A borehole is a drilled hole, which outer 

diameter is between 115-165 mm. (Motiva, 2014a). The collector pipe is mounted vertically 

to U-shape loop, typically there is one or two loops in a borehole. The amount of heat that 

can be taken is strongly dependent also on the groundwater flows and thus the bedrock 

fractures. The amount of fractures can vary greatly even in a small area and thus the ground 

water flows are quite impossible to predict. Typically the hole is filled with water. If there´s 

a lot of soil above the bedrock, the protective tube is installed to this level. The amount of 

heat that can be taken from a borehole is determined by surrounding bedrock’s temperature 

drop and conduction from it. The possible amount of heat what can be taken is 

approximately 80…150 kWh/m in a year. In bigger heating applications, more than one 

boreholes are typically needed because it is not economical to drill the hole deeper than 

200… 300 m. The distance between the holes should be more than 20 m so those are not 

affecting too much to each other. Borehole can be installed also to squeezed plot. Due to 

high drilling costs, borehole is also the most expensive heat source alternative. (Aittomäki 

2012) 
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Figure 4.3. Horizontal ground heat collector and vertical borehole-type ground heat collector. (Callidus 2015) 

The heat collector liquid is typically 30/70 % ethanol/water-mixture and thus its freezing 

point is approximately -15 °C. The collector pipe needs to be dimensioned so that the flow 

is turbulent, the flow rate of the solution is approximately 0,5…0,8 m/s and the temperature 

change is between 2…4 °C. With laminar flow, the heat transfer rate is significantly lower. 

The heated liquid, which comes from the ground, is led to heat pump’s evaporator, where 

the liquid releases heat and evaporates the heat pump refrigerant. After this, the couple of 

degrees cooled heat collector liquid flows back to the ground and absorbs heat again from 

the ground. (Aittomäki 2012) 

4.2 Heating application demands 

The prerequisite for heat utilization is that a heat pump must be able to produce sufficient 

high temperature level which varies depending on the application in question. The following 

values can be kept as indicative values for building heating applications (Aittomäki 2012): 

 Air heating   20…40 °C 

 Hydronic central heating system  30…80 °C 

 DHW heating   50…80 °C 

Heat energy is needed to cover building’s conduction losses, ventilation air and DHW 

heating. Heating covers approximately 50 percent of household´s energy consumption and 

it is also the largest single cost item. Consumed heat energy is divided approximately 

equally between the building’s conduction losses, ventilation and DHW heating. Conduction 
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losses and ventilation heating are dependent on the prevailing weather conditions. 

However, DHW is not dependent on the weather but it is dependent on the consuming 

habits of the residents. (Motiva 2015a) 

Typically GSHP heat distribution system is water-based system. Floor heating is 

recommended for GSHP because the maximum hot water temperature in this heat 

distribution method is normally 40 °C. Thus COP-value is higher and GSHP operates within 

the optimum range. Old buildings are typically equipped with water radiator systems where 

temperature level demands can be relatively high, even up to more than 70 °C. Equation 

3.1 in chapter 3 is the general heat exchanger equation, which can be applied to heat 

distribution also. As can be deduced from the equation, the high temperature demand is 

due to small heat transfer area of radiators. In floor heating systems, the heat transfer 

surface is, in turn, much bigger and thus the temperature difference can be lower. High 

temperature demands weakens the heat pump COP. (Motiva 2012). DHW-temperature 

should be at least 50-55 °C everywhere in the DHW-system due to threat of legionella 

bacteria. Sufficient high temperature ensures that bacteria cells are damaged and it cannot 

multiply. (National Institute For Health and Welfare 2015) 

Obligated demands and restrictions for new buildings energy solutions and dimensioning 

are given in the National Building Code Collection of Finland. Part-D of the collection 

contains for instance, the instructions for energy consumption and heating power 

calculations. Code gives also the weather data for dimensioning for different weather zones. 

The zones are illustrated in figure 4.4 and the dimensioning data in table 4.1. As can be 

seen, Finland is divided into 4 weather zones for energy calculations and dimensioning. 

(Ministry of the Environment 2015a) 
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Figure 4.4. Weather zones for dimensioning. (Ministry of the Environment 2015a) 

 

Table 4.1. Design and mean outdoor air temperatures for different weather zones. (Ministry of the 

Environment 2015a) 

Weather zone Dimensioning outdoor air 

temperature [°C] 

Year average outdoor air 

temperature [°C] 

I -26 5,3 

II -29 4,6 

III -32 3,2 

IV -38 -0,4 
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5 ELECTRICITY PRODUCTION CHAIN EFFICIENCY 

This chapter discusses on the electricity production chain efficiency. This is made as the 

EHP is used as comparison unit for gas driven heat pumps. The electricity production chain 

must be evaluated in order to convert the electricity to primary energy. 

5.1 Production methods 

Electricity can be generated in many different ways and along different chains. Figure 5.1 

illustrates known power generation chains. As can be seen from the figure, the chains are 

containing different amounts of energy conversions. In accordance with the Laws of 

Thermodynamics and the principle of entropy increase, the conversions are always 

containing losses. These losses are determining the total efficiency of electricity production. 

(Kaikko 2014) 

 

Figure 5.1. Electricity generation chains. (Kaikko 2014) 

Finland’s own electricity production capacity consists of mainly nuclear power, hydropower, 

CHP and condensing power (see figure 5.2). In the recent years, wind power capacity has 

grown and it´s growth will continue in the coming years. Condensing power production 

capacity has decreased in the recent years, which is why the total capacity has decreased. 

In the end of year 2014, Finland’s own electricity production capacity was approximately 

15 400 MW. Cogeneration covered almost half, hydropower approximately fifth, nuclear 

power almost a fifth and condensing power approximately ten percent of total electricity 

production capacity. (Vilen 2015) 
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Figure 5.2. Electricity nominal production capacity distribution between the different forms of production in 

2014. (Vilen 2015) 

In thermal power plants (CHP, condensing power, nuclear power), water is vaporized into 

steam by heat from burning fuel (or nuclear reaction) and led to a steam turbine. Expanding 

steam rotates the turbine which, in turn, drives electricity producing generator. CHP and 

condensing power plants can use different fuels. Typical fuels are solid fuels such as coal, 

biomass, black liquor, peat and waste or gaseous fuels such as natural gas. Nuclear power 

plants are also condensing power plants which are using uranium as a fuel. Condensing 

power plants are generating only electricity. If the plant is also producing heat, it is called 

CHP-plant. Condensing power plants are typically generating electricity when the demand 

is sufficient while the cogeneration plants are typically used when heat is needed.  

Gas turbine power plant is also a thermal power plant. Gas turbine power plant consist of 

gas turbine and, typically, waste heat boiler. In a gas turbine, the combustion air is 

compressed to a high pressure in a compressor. This high pressure air is led to a 

combustion chamber, where it is mixed with fuel (typically natural gas or biogas) and 

burned. The high pressure hot flue gases are led to the turbine, where the expanding flue 

gases are rotating the turbine and generator. All the rotating components (compressor, 

turbine and generator) are connected with the same axle. After the turbine, flue gases can 

be led into the waste heat boiler, which can be used to heat district heat water or to generate 

steam, which can be used, in turn, to generate more electricity. Thus gas turbines can be 

used as a CHP-plant or to generate only electricity. The benefits of gas turbines are rapid 

startup and fast power adjustment. Thus gas turbines are typically used to adjust the power 

grid load.  
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Hydro- and wind power production methods are based on kinetic energy of water or wind 

and conversion of those into electricity by turbine and generator. The benefits of 

hydropower, in addition of totally renewable energy production, are excellent efficiency and 

adjustability. Therefore hydropower is very suitable also for the grid adjusting power. Wind 

power is also renewable energy and the share of it is increasing strongly in Europe. The 

challenge of wind power is weak adjustability due to weather dependent production. 

(Finnish Energy Industries 2014) 

Electricity consumption and generation needs to be balanced all the time. The wholesale 

price of electricity is determined according to supply and demand. Electricity wholesale 

trade takes place at power market (Nord Pool in the Nordic countries). Offers and bids are 

determining the price of electricity for a certain moment and the price corresponds the 

operative costs (OPEX) of the most expensive production method. Therefore demand 

determines also the supply power capacity and thus the production methods and 

efficiencies. Figure 5.3 is illustrating the formation of electric market price and the production 

merit order.  

 

Figure 5.3. The formation of the electric market price and merit order. (Partanen et al. 2014) 

Low OPEX power plants such as hydropower and nuclear power are producing base load 

power. When the price and demand of electricity increases, then also the other production 

forms will become profitable. The production of electricity is thus very depended on 

seasonal variation because the demand is much greater in winter than in summer. Also, 

especially in the Nordic countries, the hydrological situation affects a lot to the electricity 

production. (Partanen et al. 2014) 



63 
 

5.2 Production efficiency 

Electricity production chain in this thesis is assumed to consist of electricity production, 

transmission and distribution. The fuels or energy sources which are used before 

conversions are now called primary energy, even though fuels can be in reality upgraded 

secondary energy. With these assumptions, the electricity production primary energy flow 

can be calculated: 

𝜙𝑝𝑟𝑖𝑚 =
𝑃𝑒𝑙

𝜂𝑇&𝐷∙𝜂𝑝𝑟𝑜𝑑 
   (5.1) 

Where: 

  Φprim= primary energy input flow to the production [W] 

  Pel= electric power in end use  [W] 

  ηT&D= transmission and distribution efficiency [-] 

  ηprod= electricity production efficiency  [-] 

Figure 5.4 shows the actual electricity production shares in year 2014. Approximately a bit 

less than a half was covered by so-called base production so nuclear power and 

hydropower. Finland is also a quite big importer of electricity; imported electricity accounted 

for one-fifth. CHP-production covered approximately one-fourth and the rest was 

condensing power and others. (Finnish Energy Industries 2014) 

 

Figure 5.4. Net supplies of Electricity 2014 (83.3 TWh). (Finnish Energy Industries 2014) 
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The average electricity production efficiency can be estimated on the basis of actual 

production. However, at first the different production methods efficiencies needs to be 

determined. Table 5.1 shows the assumed net electricity production efficiencies for different 

production methods. For wind- and hydropower the assumed electric efficiency is 1. This is 

due to that wind and hydropower are not consuming any fuel, which means that electricity 

can be considered directly as primary energy equivalent even though in reality those 

methods are not able to convert all the kinetic energy of water or wind into electricity. Also 

electricity import is usually counted as primary energy in a national energy balances and 

thus its efficiency can be kept as 1. (Adapted from sources (Keto 2010) and (VTT 2004)) 

CHP-production poses challenges for the estimate. Total efficiency of CHP-production is 

typically very high, approximately around 0,90. However, electricity and heat is kept as 

equivalent energy types in total efficiency. In reality the values of these energy types are 

different. For instance, the value of heat is dependent on the temperature level of produced 

heat. The total efficiency cannot be used to compare different systems thermodynamically 

or economically directly. For CHP-production, there exist various allocation methods to 

target, for instance, primary energy consumption for produced energy types. CHP-

production electric efficiency is greatly dependent on the production method type. Typically 

it can vary between 0,25…0,40. (Kaikko 2014). Now it is assumed that CHP-production 

electric efficiency is 0,35. However, in average electricity production efficiency estimate, 

total efficiency of 0,90 is assumed for CHP-production to simplify the review and to reflect 

the obtained benefit from primary energy source. Condensing power and nuclear power 

efficiencies listed in the table can be kept as average values for these methods (Keto 2010). 

Table 5.1. Production electric efficiencies assumed in this thesis. Adapted from (Keto 2010) and (VTT 2004) 

Production method Assumed electric production efficiency 

ηel, prod 

Wind power 1,00 

Hydropower 1,00 

Electricity import 1,00 

Condensing power 0,40 

CHP (industrial and district heating) 0,35* 

Nuclear power 0,33 

* ηth=0,55; ηtot=0,90 
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Based on the actual electricity production and the efficiency assumptions, the yearly 

average electricity production efficiency can be evaluated: 

𝜂 𝑒𝑙,𝑎𝑣𝑒 =
1

∑ (𝑘𝑖
𝑖
𝑛=1 /𝜂𝑖,𝑒𝑙)

   (5.2) 

Where: 

  ki= production method’s i share of total production 

  ηi, el= production method’s i production electric efficiency 

With the production data values of the year 2014 (see figure 5.4), the equation (5.2) gives: 

𝜂 𝑒𝑙,𝑎𝑣𝑒 =
1

0,013
1

+
0,158

1
+

0,216
1

+
0,08
0,4

+
0,11
0,9

+
0,151

0,9
+

0,272
0,33

≈ 0,59 ≈ 0,6 

CHP-production’s total efficiency assumption causes a significant difference in the result. 

Same calculation using only electric efficiency of CHP-production (ηel=0,35) gives average 

electric efficiency of 0,46. This value is more relevant if pure electric production is reviewed 

and heat production is neglected. However, using total efficiency of CHP-production, the 

result reflects better electric production primary energy consumption. Now it needs to be 

noticed also, that the calculation is really straightforwardly estimated. Electric production is 

greatly dependent on the demand and it varies all the time. 

Electricity production chain is containing also other losses. The most significant losses takes 

place in the power plants, but losses occurs also in transmission and distribution of 

electricity. Electricity transmission and distribution losses are primarily attributable to the 

conductor reactance reactive power losses. Losses are relatively larger in the distribution 

network than in a transmission network due to a lower voltage level and as a resultant of 

this, higher current loads and wiring resistances. (Eskelinen 2008) 

Finnish Energy Industries has compiled statistics on the electricity network losses. Based 

on the statistics, the grid efficiency can be estimated. (Finnish Energy Industries 2014). 

Table 5.2 is showing the data taken from Energy Industry-web page and from these 

calculated grid efficiencies. As can be seen, the energy efficiency of the grid is high and 

thus it has only minor effect to the total primary energy consumption of electricity. (Finnish 

Energy Industries 2014) 
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Table 5.2. Electricity grid losses. (Finnish Energy Industries 2014) 

Year 2000 2010 2013 

Gross Consumption 

[GWh] 

79 158 87 704 84 044 

Losses 

(Transmission and 

distribution) [GWh] 

2 632 2 766 2 608 

Grid efficiency [-] 0,967 0,968 0,969 
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6 CASE-CALCULATION: THEORETICAL EFFICIENCY 

COMPARISON OF GAS AND ELECTRIC HEAT PUMP 

SYSTEMS 

In this chapter, the results of a different ground source heat pump assembly calculations 

are compared in order to find out the differences between electric heat pump and gas driven 

heat pumps and systems. Table 6.1 shows the system assemblies that are simulated in the 

calculations. Calculations are made by spreadsheet program and information from previous 

chapters is applied. 

Table 6.1. Calculation cases 

Case Heat pump type Peak load producer 

Comparison system: 

EHP 

Electric motor compressor heat pump Electric heating 

elements 

Examined system 1: 

GEHP 

Gas engine compressor heat pump Gas condensing boiler 

Examined system 2: 

GAHP 

Gas absorption heat pump Gas condensing boiler 

 

6.1 Application assumptions 

Heating application is determined to be a hydronic heating system, which is having a certain 

heat output demand as function of outdoor temperature. When comparison is made, the 

essential things are the temperature levels. It is assumed now that the heat pump systems 

are heating water from 30 °C to 40 °C. This is kept constant. Thus only the output demand 

varies as function of outdoor temperature. Application heat demand size is assumed to 

reflect for medium size building heating application (i. e. blockhouse) due to fact that gas 

heat pumps are available in bigger scale. Figure 6.1 is illustrating the facility heat demand 

assumptions. Heat losses in piping and other equipment are now neglected. The case is 

only a certain heat output demand at certain temperature levels, what needs to be covered. 
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Figure 6.1. Application water temperature assumptions. 

Figure 6.2 shows the application´s heat demand as function of outdoor temperature. It is 

assumed that the heat demand begins at +17 °C. The weather data is taken from the 

National Building Code of Finland for weather zone 1. The data gives the yearly degree 

hours and based on these, the heat output duration curve can be formed. Figure 6.3 is 

illustrating the curve. As can be seen, the peak load is needed only couple of hours in a 

year. 

 

Figure 6.2. Application´s heat output demand as function of outdoor temperature. 
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Figure 6.3. Application’s heat output duration curve based on the weather data of zone 1. 

 

6.2 Heat pump systems assumptions and comparison cases 

Figure 6.4 illustrates the common assumptions for all the heat pump systems. All the pumps 

are partial-power dimensioned and the dimensioning temperature is assumed to be at -7 °C 

outdoor temperature. Thus pumps are dimensioned to produce 84 kW heat output. As can 

be seen from the figure, it is assumed now that the heat pump heat output capacity keeps 

constant regardless of the outdoor temperature. Thus it is also assumed that the ground 

source temperature level is constant. The ground temperature is assumed to be +5 °C and 

thus it corresponds a borehole in southern Finland.  

All the heat losses in piping and equipment are neglected. Also the auxiliary equipment 

power demands are also now neglected. When the source and sink temperature levels are 

constant, it means that heat pump COP’s are constant. When it´s colder than the 

dimensioning temperature, the heat pump covers the heat output demand up to 84 kW and 

the peak load heat output is produced by either with electric heating elements or gas 

condensing boiler. In reality, the assumptions are not true. For instance, ground 

temperature decreases during the winter when heat is absorbed from it. However, the 

assumptions are common to all the systems so thus those can be kept justified. 
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Figure 6.4. Heat pump system assumptions. 

The main comparison factor is a primary energy ratio which can be determined generally 

for all the systems: 

𝑃𝐸𝑅 =
𝑂𝑏𝑡𝑎𝑖𝑛𝑒𝑑 𝑢𝑠𝑒𝑓𝑢𝑙 ℎ𝑒𝑎𝑡

𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛
=

𝜙ℎ𝑝+𝜙𝑝𝑙

𝜙𝑝𝑟𝑖𝑚
  (6.1) 

Where: 

  Φhp= heat output produced by heat pump [W] 

  Φpl= heat output produced by peak load device [W] 

  Φprim= primary energy input flow to the system [W] 

Comparison cases are: 

 Design point dimensioning (Φhp=84 kW at -7 °C outdoor temperature, Φpl= 0 kW) 

 Peak load effect (Φhp=84 kW, Φpl=function of outdoor temperature (T<-7 °C)) 

 Heat pump DHW production capacity (Φhp=? kW, Φpl= 0 kW) 

In the design point dimensioning, heat pumps are dimensioned to produce 84 kW heat 

output, which corresponds power demand at -7 °C. In this case, peak load heat output is 

zero. In the peak load effect, the effects of peak load heating to primary energy ratio is 

studied. This review examines the application, when the outdoor temperature is below -7 

°C and peak load is needed. In DHW production capacity, the temperature level in the facility 

heat demand is increased to 55 °C. Thus it is assumed that water temperature lift is from 

30 °C to 55 °C. The assumption in this case is that heat pump’s performance decreases 
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due to higher temperature demand. Thus it is interesting to compare how strongly the 

decrease occurs for different heat pumps. 

In addition of primary energy consumption, interesting comparison factors are the 

component sizes and the shares of different heat sources. 

6.3 Comparison system: electric compressor heat pump system 

Figure 6.5 is showing the assumed primary energy chain for the EHP-system. As was 

noticed in the chapter 5, electricity chain efficiency is dependent on the production method 

and the total electricity production of supply and demand set by markets. Therefore EHP-

system is calculated with a few electricity production efficiencies in order to simulate PERs 

in various electric production methods. Efficiencies used in EHP-calculations are: 

 Condensing power: ηel= 0,40 

 CHP: ηel= 0,35 (ηth=0,55, ηtot=0,90) 

 Non-fuel: ηel=1,0 

 Average: ηel=0,6 

Non-fuel methods are reflecting electricity produced by hydro, wind or solar power. 

Electricity transmission and distribution efficiency is assumed to be 0,97. Both heat pump 

motor and peak load heating elements are assumed to use electricity, which is produced 

with same method. Efficiencies of the production methods are assumed to keep constant 

regardless of the conditions in application. 
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Figure 6.5. Assumed primary energy chain for EHP-system. 1: system primary energy boundary, 2: EHP 

boundary, 3: peak load boundary. 

In order to keep the electric motor and gas engine driven compressor heat pump systems 

comparable, the heat pump process is assumed to be same for the both systems. The 

refrigerant is chosen to be R410A which is common in heat pumps nowadays. Figure 6.6 

shows the theoretical compressor heat pump process drawn in R410A logarithmic pressure-

enthalpy coordinates. The evaporator temperature is assumed to be 0 °C and the 

condenser temperature respectively 45 °C in order to achieve sufficient heat transfer 

gradient in source and sink. The refrigerant is assumed to be subcooled approximately 7 

°C and superheated 4 °C. 
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Figure 6.6. Assumed theoretical compressor heat pump process. 
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The process point-values drawn in the figure are listed in table 6.2. 

Table 6.2. Assumed compressor heat pump process 

Process point Enthalpy, h 

kJ/kg 

Temperature, T 

°C 

Pressure, p 

bar 

1 428 4 8 

2s 462 70 28 

2 483 90 28 

3 264 38 28 

4 264 0 8 

 

Theoretical COP can be calculated using equation (3.3): 

𝐶𝑂𝑃 =
483

𝑘𝐽
𝑘𝑔

− 264
𝑘𝐽
𝑘𝑔

483
𝑘𝐽
𝑘𝑔

− 428
𝑘𝐽
𝑘𝑔

= 3,98 

Equation (3.2) determines the compressor isentropic efficiency: 

𝜂𝑠 =
462

𝑘𝐽
𝑘𝑔

− 428
𝑘𝐽
𝑘𝑔

483
𝑘𝐽
𝑘𝑔

− 428
𝑘𝐽
𝑘𝑔

= 0,62 

Isentropic efficiency is now assumed to be a bit less than in real compressors (ηs≈75-85 %) 

in order to simulate other losses in process. 

6.3.1 Design point dimensioning 

In EHP process, total heat output is assumed to be produced in the heat pump process. 

Thus it is defined that heat pump’s condenser heat output must be 84 kW. Therefore 

refrigerant mass flow can be determined using equation (3.4): 

�̇� =
84 𝑘𝑊

483
𝑘𝐽
𝑘𝑔

− 264
𝑘𝐽
𝑘𝑔

= 0,38
𝑘𝑔

𝑠
 

When the mass flow and the enthalpies of the process are known, the components heat 

flows can be calculated using equation (3.4). The results are shown in table 6.3. 
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Table 6.3. Case-calculation results for the compressor heat pump process when the heat demand is 84 kW 

(at -7 °C). 

Condenser heat output 84,0 kW 

Evaporator heat input 62,9 kW 

Compressor required power 

-Isentropic 

-Realistic 

 

13,0 kW 

21,1 kW 

 

As can be seen from the results above, the process demands 21,1 kW mechanical power 

in these conditions. The heat pump electric motor efficiency can be assumed to be 0,90 and 

respectively, frequency controller efficiency 0,98. Thus the electric motor power is 

determined with equation (3.7): 

𝑃𝑒𝑙,𝑒𝑚 =
21,1 𝑘𝑊

0,90 ∗ 0,98
= 23,9 𝑘𝑊 

Now the EHP’s COP can be determined using equation (3.8): 

𝐶𝑂𝑃𝐸𝐻𝑃 =
84 𝑘𝑊

23,9 𝑘𝑊
= 3,51 

Electricity production primary energy flow can be determined with equation (5.1). 

𝜙𝑝𝑟𝑖𝑚 =
𝑃𝑒𝑙,ℎ𝑝 + 𝑃𝑒𝑙,𝑝𝑙

𝜂𝑇&𝐷 ∙ 𝜂𝑝𝑟𝑜𝑑 
 

Now the demanded primary energy flow for different production methods, except CHP-

production, can be calculated using the efficiency assumptions.  For instance, if electricity 

is produced in condensing power plant, primary energy flow is (eq. 5.1): 

𝜙𝑝𝑟𝑖𝑚,𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑖𝑛𝑔 𝑝𝑜𝑤𝑒𝑟 =
23,9 𝑘𝑊

0,97 ∙ 0,40
= 61,6 𝑘𝑊 

Thus PER for the process is (equation 6.1): 

𝑃𝐸𝑅𝐸𝐻𝑃,𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑖𝑛𝑔 𝑝𝑜𝑤𝑒𝑟 =
84 𝑘𝑊

61,6 𝑘𝑊
= 1,36 

CHP primary energy flow-calculation differs a bit from the other production methods. If the 

system is reviewed in overall energy efficiency point of view, the useful heat from CHP-

production must be taken into account. Thus equation 6.1 becomes: 

𝑃𝐸𝑅𝐶𝐻𝑃 =
𝜙ℎ𝑝+𝜙𝑝𝑙+𝜙𝐶𝐻𝑃

𝜙𝑝𝑟𝑖𝑚,𝐶𝐻𝑃
   (6.2) 
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Where: 

  ΦCHP= useful heat output from CHP-production [W] 

Primary energy flow in CHP-production can be calculated by equation 5.1 using CHP-

production’s electric efficiency, which is now assumed to be 0,35. Useful heat output from 

CHP-production can be calculated using CHP-production assumed thermal efficiency (now 

0,55) as follows: 

𝜙𝐶𝐻𝑃 = 𝜙𝑝𝑟𝑖𝑚,𝐶𝐻𝑃 ∙ 𝜂𝑡ℎ,𝐶𝐻𝑃   (6.3) 

Where: 

  ηth, CHP= thermal efficiency of CHP-production [-] 

Thus equation 5.1 gives primary energy flow for CHP-production: 

𝜙𝑝𝑟𝑖𝑚 =
23,9 𝑘𝑊

0,97 ∙ 0,35
= 70,5 𝑘𝑊 

Equation 6.3 gives then: 

𝜙𝐶𝐻𝑃 = 70,5 𝑘𝑊 ∙ 0,55 = 38,8 𝑘𝑊 

Now PER for CHP-production is (equation 6.2): 

𝑃𝐸𝑅𝐶𝐻𝑃 =
84 𝑘𝑊 + 38,8 𝑘𝑊

70,5 𝑘𝑊
= 1,74 

Table 6.4 shows the calculation results at the design point for assumed electricity production 

efficiencies.  

Table 6.4. EHP primary energy ratios in the various electric production chains at the design point. 

Electricity 

production method 

Assumed electric 

production 

efficiency [-] 

Primary energy 

flow [kW] 

Primary energy 

ratio, PER 

Condensing power 0,40 61,6 1,36 

CHP 0,35* 70,5 1,74 

Non-fuel 1,00 24,7 3,41 

Yearly average 0,6 41,1 2,04 

* ηth=0,55; ηtot=0,90 

As can be seen from the results in table 6.4, EHP produces more thermal energy than it 

consumes primary energy in all of the electricity production options. For example, electricity 

production efficiency of 0,6, which can be kept as yearly electricity production average with 
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these assumptions, the primary energy flow is 41,1 kW in order to produce 84 kW heat 

output in this application. However, the primary energy ratio of EHP-system is strongly 

dependent on the electric production chain as can be seen from the results fluctuation. 

6.3.2 Peak load effect 

When peak load effect is reviewed, it is assumed that heat pump produces constant base 

heat output, in this case ϕhp= 84 kW. Also, the other parameters in EHP is assumed to keep 

constant. The additional heat output demand begins when the outdoor temperature drops 

below -7 °C. Now the additional heat output is produced by electric heating elements and 

thus the efficiency of direct electric heating can assumed to be ηel,pl=1,0. Thus peak load 

electric power, Pel,pl, is assumed to be directly application’s peak load heat output 

requirement. Table 6.5 shows the requirement of peak load output as function of outdoor 

temperature. 

Table 6.5. Additional heat output requirement. 

Outdoor 

temperature 

°C 

Heat output demand 

kW 

Peak load requirement 

kW 

-22 136,5 52,5 

-21 133 49 

-20 129,5 45,5 

-19 126 42 

-18 122,5 38,5 

-17 119 35 

-16 115,5 31,5 

-15 112 28 

-14 108,5 24,5 

-13 105 21 

-12 101,5 17,5 

-11 98 14 

-10 94,5 10,5 

-9 91 7 

-8 87,5 3,5 

-7 84 0 

 

For instance, at -12 °C, peak load requirement is 17,5 kW. For condensing power, primary 

energy flow at this temperature is (equation 5.1): 
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𝜙𝑝𝑟𝑖𝑚,𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑖𝑛𝑔 𝑝𝑜𝑤𝑒𝑟,−12 =
23,9 𝑘𝑊 + 17,5 𝑘𝑊

0,97 ∙ 0,40
= 106,7 𝑘𝑊 

PER at the same point is (equation 6.1): 

𝑃𝐸𝑅𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑖𝑛𝑔 𝑝𝑜𝑤𝑒𝑟,−12 =
84 𝑘𝑊 + 17,5 𝑘𝑊

106,7 𝑘𝑊
= 0,95 

CHP-production’s PER is calculated similarly as at the design point. Thus the calculation 

takes into account the useful heat output from the CHP-production. Figure 6.7 is illustrating 

the results as function of outdoor temperature.  

 

Figure 6.7. EHP with heating elements-primary energy ratio in peak load demand along various electricity 

production chains as function of outdoor temperature. 

Primary energy ratios are decreasing strongly when the share of peak load electric heating 

increases. This is due to bigger part of electricity does not get the heat pump coefficient and 

due to increased electricity demand, the relative share of losses in the production chain are 

also growing. As can be seen from the figure, with electric production efficiency of 0,40, 

PER undercuts 1 already at -12 °C. Below this point the system is consuming more primary 

energy than it produces heat output to the application. However, other production chains 

are remaining above 1 in relatively cold conditions. CHP-production PER decreases slower 

than others, because increased electricity production demand increases also the relative 

share of useful heat from the CHP-production. 
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6.3.3 Heat pump DHW capacity 

In this case, the application’s temperature lift is assumed to be from 30 °C to 55 °C. The 

above dimensioned heat pump electric motor capacity is kept constant. Thus it is 23,9 kW 

and mechanical power output is 21,1 kW. The reviewed matter is now by what heat output 

capacity the same unit is able to produce hot water and what is PER in these conditions 

along different production chains. The theoretical compressor heat pump process in these 

conditions is illustrated in figure 6.8 and the process-point values are shown in table 6.6. 

Compressor’s isentropic efficiency is also kept same as above. Refrigerant is assumed to 

be 2 °C subcooled after condensation and 4 °C superheated after evaporation. 

Table 6.6. Compressor heat pump stage-point values at higher temperature demand-case. 

Process point Enthalpy, h 

kJ/kg 

Temperature, T 

°C 

Pressure, p 

bar 

1 428 4 8 

2s 473 93 38 

2 501 114 38 

3 310 58 38 

4 310 0 8 
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Figure 6.8. Theoretical compressor heat pump process when delivered water temperature is 55 °C. 
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Theoretical COP for the process is (equation 3.3): 

𝐶𝑂𝑃 =
501

𝑘𝐽
𝑘𝑔

− 310
𝑘𝐽
𝑘𝑔

501
𝑘𝐽
𝑘𝑔

− 428
𝑘𝐽
𝑘𝑔

= 2,63 

Thus EHP’s heat output capacity to produce hot water is (equation 3.5): 

𝜙𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 = 2,63 ∙ 21,1 𝑘𝑊 = 55,4 𝑘𝑊 

And EHP’s COP is (equation 3.8): 

𝐶𝑂𝑃𝐸𝐻𝑃 =
55,4 𝑘𝑊

23,9 𝑘𝑊
= 2,32 

Primary energy ratios can be calculated similarly as in design point-case. The results of 

calculations are illustrated in table 6.7. 

Table 6.7. EHP’s PER at DHW-case. 

Electricity production method PER 

Condensing power 0,90 

CHP 1,34 

Non-fuel 2,25 

Average 1,35 

 

Result in table 6.7 are illustrating clearly how the COP-drop in higher temperature demand 

affects to the system’s total primary energy consumption. Condensing power efficiency 

undercuts PER of 1, and average-efficiency gives PER of 1,35. Thus the EHP is slightly 

producing more heat than consuming primary energy. 

6.4 Examined system 1: gas engine compressor heat pump system 

Figure 6.9 shows the assumed primary energy chain for the GEHP-system. As can be seen 

from the figure, primary energy (natural gas) flows now directly across the boundary limit 

without conversions. Also, the essential differences when compared to EHP is now the 

extra-heat sources what gas engine is providing in form of engine cooling and flue gas heat 

recovery. In gas engine heat pump assembly, the additional heat is now produced by 

condensing boiler. The compressor heat pump process is assumed to be the same as in 

EHP. Thus the compressor heat pump process-values (COP, enthalpies and compressor 

isentropic efficiency) are the same as in EHP process.  
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Figure 6.9. Assumed primary energy chain for the GEHP-system. 1: system boundary, 2: heat pump 

boundary, 3: peak load boundary. 

6.4.1 Design point dimensioning 

The assumptions for the gas engine are listed in table 6.8. Efficiencies and temperature 

levels are evaluated based on manufacturers’ catalogue data sheets. Gas engine is 

assumed to operate with almost stoichiometric mixture. 

Table 6.8. GEHP calculation baseline-value assumptions 

Efficiency 

-mechanical 

-engine cooling heat recovery 

 

0,30 

0,25 

Flue gas temperature 

-in 

-out 

 

400 °C 

45 °C 

Air-to-fuel-ratio, λ 1,1 

 

GEHP-model calculation is based on energy balance. The water heating order is assumed 

to be heat pump condenser, engine cooling heat exchanger and flue gas heat exchanger. 
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According to the energy balance, the demand is that these components must produce in 

total the required 84 kW heat output. Thus energy balance is: 

𝜙ℎ𝑝 = 𝜙𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 + 𝜙𝑒𝑛𝑔𝑖𝑛𝑒 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 + 𝜙𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 ℎ𝑒𝑎𝑡 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (6.4) 

Note that flue gases are assumed to be cooled below water dew point. Thus flue gas heat 

recovery includes also latent heat recovery. Flue gas dew point and water condensing 

calculations are shown in appendix 9. GEHP model calculation at design point is shown in 

appendix 10. The results of the calculations are shown in table 6.9. 

Table 6.9. Dimensioning calculation results. 

Refrigerant mass flow 0,265 kg/s 

Condenser heat output 57,9 kW 

Evaporator heat input 43,3 kW 

Compressor required power=Engine’s 

mechanical output 

14,5 kW 

Engine cooling heat recovery output 12,1 kW 

Flue gas heat recovery output 14,0 kW 

Primary energy (natural gas) input 48,4 kW 

Engine flue gas recovery efficiency 0,29 

Engine total efficiency 0,84 

 

Figure 6.10 illustrates the percentage shares of recovered heat from engine sources and 

heat pump condenser heat output. 

 

Figure 6.10. Heat output share per source in GEHP. 
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As can be seen from the results, approximately 1/3 of the heat output can be covered from 

engine’s heat recovery sources which in practice means that heat taken from the ground is 

considerably less than in EHP in the same application. COP of the GEHP-system is now 

(equation 3.14): 

𝐶𝑂𝑃𝐺𝐸𝐻𝑃 =
57,9 𝑘𝑊 + 12,1 𝑘𝑊 + 14,0 𝑘𝑊

48,4 𝑘𝑊
= 1,73 

Natural gas is assumed to be directly primary energy and heat pump is producing at 

dimensioning point 100 % of the heat output. Thus the COP-value is also system’s PER. 

6.4.2 Peak load effect 

Peak load heat output is produced by condensing boiler, which thermal efficiency is 

assumed to be 1,02. Respectively like in EHP-system, the GEHP is assumed to produce 

the base heat output, Φhp=84 kW and the parameters in GEHP are kept constant. Peak 

load heat output requirements are the same as was presented in table 6.5. Gas heat pump 

system’s primary energy flow can be calculated similarly as electricity production primary 

energy flow with equation 5.1. For instance, at -12 °C outdoor temperature the system 

primary energy flow is (equation 5.1.): 

𝜙𝑝𝑟𝑖𝑚 = 48,4 𝑘𝑊 +
17,5 𝑘𝑊

1,02
= 65,6 𝑘𝑊 

System’s PER at this point is then (equation 6.1): 

𝑃𝐸𝑅 =
101,5 𝑘𝑊

65,6 𝑘𝑊
= 1,55 

Figure 6.11 shows the calculation results as function of outdoor temperature.  

 

Figure 6.11. GEHP-system’s PER. 
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The value of PER is not collapsing as quickly as in EHP. This is due to the energy 

conversion chain effects are left out when gas is used directly to produce the peak load heat 

output. Thus the need for peak load heat output can be covered directly with primary energy 

flow along the efficiency of boiler. PER remains relatively good level also in cold conditions. 

Based on these calculations, approximately 1,4 at -22 °C outdoor temperature. 

6.4.3 Heat pump DHW capacity 

In this case, the engine size is kept constant so thus the fuel input flow is the same as in 

dimensioning case so 48,4 kW. This is also system’s primary energy input flow. Engine’s 

mechanical and cooling recovery efficiencies are kept constant. Flue gases are now 

assumed to be cooled down to 60 °C so thus the water dew point is not undercut and the 

heat from the flue gas is only sensible heat. The compressor heat pump process is assumed 

to be the same as in EHP DHW-calculation. Table 6.10 shows the calculation results. 

Table 6.10. Calculation results in hot water case for GEHP. 

Heat pump condenser heat output 38,3 kW 

Engine cooling heat recovery output 12,1 kW 

Flue gas heat recovery output 

Engine’s mechanical output 

10,9 kW 

14,5 kW 

Fuel input flow to engine 48,6 kW 

Heat pump COP 2,63 

Total engine efficiency 0,77 

Total hot water capacity 61,3 kW 

 

With these results equation 6.1 gives: 

𝑃𝐸𝑅 =
61,3 𝑘𝑊

48,6 𝑘𝑊
= 1,26 

The decrease in heat pump COP affects strongly also on GEHP. However, now it needs to 

be noticed that engine’s heat recovery efficiency is relatively low. For instance, now the 

latent heat of flue gases is not assumed to be recovered. The precondition for this is that 

the temperature levels in application should be below water dew point. However, various 

assemblies can enable better recovery efficiencies.  
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6.5 Examined system 2: gas absorption heat pump system 

GAHP-system is illustrated in figure 6.12. The system is also including gas condensing 

boiler as peak load heat output producer. GAHP working medium pair is assumed to be 

ammonia-water, because as was noticed in theory, particular working pair is used in low 

temperature absorption heat pump applications. 

 

Figure 6.12. Assumed primary energy chain for GAHP. 1: system boundary, 2: heat pump boundary, 3: peak 

load boundary. 

6.5.1 Design point dimensioning 

Figure 6.13 shows the GAHP-process plotted in ammonia-water concentration pressure-

temperature-chart. The dimensioning calculations are based on the simplified model-theory 

represented in chapter 3.2.3. Condenser temperature as well as absorber temperature are 

assumed to be 45 °C. Evaporator temperature is assumed to be 0 °C similarly as in 

compressor heat pump processes. 
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Figure 6.13. Assumed GAHP-process in ammonia-water concentration pressure-temperature-chart. 

Table 6.11 shows the process calculation values in different process points. Refrigerant 

cycle is assumed to be pure ammonia, so thus the values are from ammonia’s logarithmic 

pressure-temperature chart (appendix 4). Strong and weak solution properties are derived 

from ammonia-water concentration enthalpy chart (appendix 8). Mass flows are calculated 

based on the energy balance due to demand that GAHP’s heat output must be 84 kW. 

Table 6.11. Calculation values for GAHP 

Process 

point 

Temperature 

T 

Pressure 

p 

Enthalpy 

h 

Concentration 

x 

Mass flow 

n °C kPa kJ/kg  kg/s 

5 97 1800 1950 . 0,019 

6 45 1800 710 . 0,019 

7 0 430 710 . 0,019 

8 0 430 1770 . 0,019 

1 45 430 -10 0,56 0,070 

2 45 1800 -10 0,56 0,070 

3 140 1800 500 0,77 0,051 

4 85 430 500 0,77 0,051 
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Table 6.12 shows the results for GAHP-calculation. Based on calculations, the heat pumps 

COP and thus PER is (equation 6.1): 

𝑃𝐸𝑅 =
84 𝑘𝑊

63,7 𝑘𝑊
= 1,32 

As can be seen from the results, a big share of GAHPs heat power is derived from the 

generator so in this case, from gas combustion. However, this model is not taking a stand 

to flue gas heat recovery or similar process implements. 

Table 6.12. Calculation results for GAHP. 

Condenser heat output 23,8 kW 

Evaporator heat input 20,3 kW 

Absorber heat output 60,2 kW 

Generator heat input=Primary energy 

(natural gas) input flow 

63,7 kW 

Total heat output 84 kW 

 

6.5.2 Peak load effect 

Condensing boiler is assumed to produce peak load heat output similarly as in GEHP-

system. Figure 6.14 illustrates the system’s PER as function of outdoor temperature. PER 

decreases very slightly when peak load is needed. This is due that a big share of heat is 

already derived from natural gas. Thus the lower efficiency of peak load does not effect that 

strongly on system’s PER. In cold conditions (-22 °C), PER is approximately 1,2 for GAHP 

and condensing boiler system. 

 

Figure 6.14. GAHP and condensing boiler system PER. 
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6.5.3 Heat pump DHW capacity 

Higher delivery temperature level affects also on GAHP-process. Figure 6.15 shows the 

process plotted in ammonia-water concentration pressure-temperature-chart. Now the 

condenser and absorber temperature levels are assumed to be 60 °C. This causes also 

higher pressure demand and generator temperature levels. However, the generator fuel 

input flow is now assumed to be the same which was derived in dimensioning-part. Thus it 

is 63,7 kW. 

 

Figure 6.15. Assumed GAHP-process in higher temperature demand. 

Table 6.13 shows the process values at different process points and table 6.14 shows the 

results of calculation. 

Table 6.13. Calculation values for high temperature demand. 

Process 

point 

Temperature Pressure Enthalpy Concentration Mass flow 

n °C kPa kJ/kg . kg/s 

5 133 2700 2030 . 0,013 

6 60 2700 785 . 0,013 

7 0 430 785 . 0,013 

8 0 430 1770 . 0,013 

1 60 430 30 0,64 0,079 

2 60 2700 30 0,64 0,079 

3 165 2700 590 0,77 0,066 

4 85 430 590 0,77 0,066 
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Table 6.14. Calculation results for high temperature demand. 

Condenser heat output 16,7 kW 

Evaporator heat input 13,2 kW 

Absorber heat output 60,2 kW 

Generator heat input=Primary energy 

(natural gas) input 

63,7 kW 

Total DHW capacity  76,9 kW 

 

Equation 6.1 gives then: 

𝑃𝐸𝑅 =
76,9 𝑘𝑊

63,7 𝑘𝑊
= 1,21 

As can be seen from the results, GAHP performance is not collapsing that strongly even 

the temperature demand increases. However, PER is already relatively low. 

6.6 Summary and research review 

Table 6.15 combines the essential results of the case-calculations. 

Table 6.15. Essential results of the case-calculations. 

System EHP GEHP GAHP 

Heat pump (at the design 

point) 

Heat pump COP 

Heat pump PER 

 

 

3,51 

1,36…3,41 

 

 

1,73 

1,73 

 

 

1,32 

1,32 

Heat pump+Peak-load 

max (at -22 °C) 

System PER 

 

 

0,69…1,73 

 

 

1,37 

 

 

1,17 

Heat pump’s DHW-

capacity 

Heat output 

Heat pump COP 

Heat pump PER 

 

 

55,4 kW 

2,32 

0,9…2,25 

 

 

61,3 kW 

1,26 

1,26 

 

 

76,9 kW 

1,21 

1,21 

 

EHP-system’s PER is strongly dependent on electric production efficiency. However, PERs 

are having quite good values in most of the cases. PER may collapse under 1 when enough 
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peak load is needed or if heat pump COP is low enough, for instance due to higher 

temperature demand. However, in this calculation-case that happens only if electricity is 

produced with efficiency of 0,40 which corresponds condensing power. In other options, 

PER stays above 1. EHP´s performance is the most sensitive to condition changes which 

can be seen from DHW-capacity results. Heat pump’s capacity decreases most if compared 

to gas heat pump options. 

GEHP-system´s PER is at relatively good level in all the cases. PER remains above 1 in all 

the cases, even when the peak load share is big. The results are corresponding EHP-

system’s results, where electricity is CHP-produced. GEHP’s performance is strongly 

dependent on heat recovery arrangement. In GEHP, approximately 1/3 of heat demand can 

be covered from engine surplus heat sources at dimensioning point. COP-decrease in 

compressor heat pump process weakens GEHP performance also quite sharply. However, 

additional heat sources provided by engine are reducing the performance sensitivity in 

condition changes. 

GAHP’s PER is the lowest in dimensioning-point. However, GAHP-system’s PER shows 

relatively least sensitivity in condition changes. PER remains above 1 in all the cases also. 

Temperature demand increase is not affecting that strongly on GAHP’s performance in 

DHW-case. In this case, both PER and capacity are remain at relatively high level. Both gas 

heat pump systems PER-results are approximately in the middle range of the EHP’s results. 

Brenn et al (2009) compared natural gas engine driven heat pump and electrically driven 

heat pumps with conventional systems for building heating purposes. Comparison factors 

were primary energy consumption and CO2-emissions. Comparison sources were both 

ground and air and sink was water with two temperature demand 40 and 60 °C. Based on 

their results, ground source GEHP can achieve annual efficiency of 2,1 from net calorific 

value to useful heat in 40 °C-case. However, If electricity is produced from the best available 

natural gas combined cycle power plant,  ground-source EHP can achieve annual efficiency 

of 2,3. The conclusions of the research are that EHPs are good choice if grid is not used to 

capacity and has low-CO2 from renewable sources. However, GEHP is about equally 

efficient regarding primary energy use and CO2-emissions as electrically driven powered 

from the best available natural gas combined cycle power plants. They are also concluding 

that due to engine recovery heat, GEHP efficiency is less sensitive to the source and sink 

temperatures compared to EHP. Also the heat pump components are smaller due to the 

same reason. (Brenn et al. 2009) 
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Zhang et al (2004) analyzed air-to-water GEHP using a steady state model and validating 

the results to experimental and manufacturer’s data. They focused more on how engine 

adjustment effects to the overall efficiency. However, one conclusion of the report is that 

the waste heat of the gas engine can take about 30 % of the total heating capacity in rated 

operating condition. (Zhang et al 2004) 

GAHP was now simulated really straightforwardly. However, different process 

improvements and more developed cycle solutions can increase its performance. Wu et al 

(2015) studied ground source absorption heat pump combined with EHP. In the report, they 

compared AHP and EHP primary energy efficiencies which can be kept as PER. According 

to the report, single-effect ground source GAHP’s PER can be approximately 1,35 and 

ground source EHP’s 1,2. However, they are assuming electricity production efficiency of 

0,33. For generator-absorber-heat-exchange (GAX-cycle), which is improved absorption 

cycle, PER can achieve 1,6. (Wu et al 2015) 
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7 DISCUSSION & CONCLUSIONS 

7.1 General 

The objective of this thesis was to examine the natural gas driven ground source heat 

pumps and systems, and to find out what are the differences and benefits as compared to 

the electric driven ground source heat pump and system. The selected technologies were 

gas engine driven compressor heat pump (GEHP) and gas absorption heat pump (GAHP). 

Comparison system was electric driven compressor heat pump system (EHP). Heat pump 

system consisted of a heat pump and a peak load producer, which was in gas application 

gas condensing boiler and in electric application electric heating elements. Objective was 

reached by studying the operating principles, performance factors and theories of selected 

heat pump technologies. Ground properties as a heat source was studied and electricity 

production methods and efficiencies in Finland were evaluated in order to make electric and 

gas driven systems comparable. The main comparison factors was set to be a primary 

energy ratio (PER) and heat pumps’ coefficient of performances (COP). 

A representative steady-state case-analysis was carried out in a few conditions. The heating 

application in the analysis was determined to reflect a medium size building (i. e. block 

house) due to fact that gas heat pumps are available mainly in a bigger scale. Facility heat 

demand duration curve was estimated to analyze situation over a year, and heating medium 

in a sink (i. e. central heating system) was assumed to be water with relatively low 

temperature demand (40 °C), which responds a typical floor heating system. Heat source 

(i. e. ground) temperatures were studied and based on that, set to 5 °C. Ground source heat 

pumps are typically dimensioned to produce 60-80 % of maximum heat output load. Thus 

pump covers typically 95-99 % of yearly heat output demand. Therefore heat pump was 

assumed to be partial dimensioned in calculations and peak load was required at a certain 

points to fulfill the rest of the demand. 

GEHP/GAHP-systems utilizes directly natural gas which is primary energy while EHP-

system utilizes electricity. In case of electricity, primary energy losses occur in electricity 

production and the losses are dependent on electricity production method. Thus, for EHP-

system, the calculation was carried out with a few different constant electricity production 

efficiencies. 

Three calculation cases were: design point dimensioning, peak load effect and domestic 

hot water (DHW) -capacity. In the design point-case, heat pump was dimensioned 

theoretically to cover the whole facility heat demand (84 kW) at -7 °C outdoor temperature. 

Peak-load effect-case examined the primary energy ratios below this temperature when 
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heat pump could not cover the whole heat demand and the peak load was produced in a 

supplementary system. In a DHW-capacity-case, sink temperature demand was increased 

from 40 °C to 55 °C. In this case, the object was to study the capacity and COP of heat 

pump when higher temperature in heat output was needed. In this case, the pump was 

considered the same as in dimensioning-case. Thus pump’s parameters were kept constant 

(i. e. electric motor capacity). 

7.2 Heat pump-level efficiencies 

There is one single common technical feature for selected heat pump technologies that 

determines much of the heat pump operating limits and efficiency and it is the circulating 

medium, i. e. refrigerant in a compressor heat pump and refrigerant-absorption medium pair 

in an absorption heat pump. Circulating medium’s characteristics determines the pressure 

and thus the temperature level-limits of the process. Temperature difference between 

source (i. e. ground) and sink (i. e. central heating system) determines the pressure 

difference and thus work demand into the process. 

EHP´s operating range is then totally set by refrigerant´s properties. Thus EHP is the most 

sensitive for condition changes. If heat pump is driven by gas, either by gas engine in GEHP 

or burner in GAHP, a little advantage at maximum temperature levels can be achieved, by 

using the surplus heat from gas combustion, such as hot flue gases. Based on the 

calculation results, 1/3 of GEHP’s heat output might be possible to cover from engine’s 

surplus heat. Surplus heat in GEHP and GAHP are preserving those devices’ performances 

if the operating conditions are changed. This could be seen in a DHW-case, where EHP’s 

heat output decreased most (55,4 kW) while GEHP’s (61,3 kW) and GAHP’s (76,9 kW) 

remained at a higher level. COP’s were in the same case 2,3 for EHP, 1,3 for GEHP and 

1,2 for GAHP. 

Design point-case calculation gave COP of 3,5 for EHP, 1,7 for GEHP and 1,3 GAHP. 

EHP´s COP is high due to fact that electric motors are having really high mechanical 

efficiencies (~90 %) and therefore most of the purchased electricity can be converted into 

mechanical work. High COP-value means that less purchased energy is needed to cover 

heat output demand. This makes EHP more attractive than gas option if the price of natural 

gas is high as compared to electricity. 

7.3 System-level efficiencies 

However, COP values of EHP and GEHP/GAHP are not directly comparable. Gas heat 

pump’s COPs can be considered equal to PER-values. EHP’s PER is dependent on how 

efficiently electricity is produced. EHP’s total efficiency was calculated with a few electricity 
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production efficiencies. In this study, non-fuel electricity production methods (hydro-, solar 

and wind power) were assumed to have electricity production efficiencies of 100 %. 

Condensing power electric efficiency was assumed to be 40 % and CHP-production electric 

efficiency 35 %. Heat from CHP-production was also taken into account in PER-

calculations. CHP-production’s thermal efficiency was set to be 55 %. Based on Finland´s 

actual production data, an average yearly efficiency was estimated to be 60 %. Calculation 

results for EHP in the dimensioning-case gave PER of 1,4 for condensing power, 1,7 for 

CHP-production, 3,4 for non-fuel-methods and 2,0 for yearly average. 

Competitiveness of EHP is mostly dependent on how effectively electricity is produced. If 

electricity production is made with low electric efficiency methods (i. e. ηel=35…50 %), gas 

heat pumps are competing in terms of PER. EHP is the most optimal if electricity is produced 

by high primary energy efficient methods such as non-fuel methods. 

Electric heating elements’ conversion efficiency in the EHP-system was assumed to be 100 

% in the peak load effect-case, but the electricity production losses were also taken into 

account. Respectively, a gas condensing boiler’s efficiency in GEHP/GAHP-systems was 

set to 102 % (LHV). Gas condensing boiler uses also directly natural gas which is primary 

energy. In the peak load case, heat pump was assumed to produce constant base load (84 

kW). When the addition of peak production was at its highest (52,5 kW at -22 °C), GEHP-

system PER was 1,4 and GAHP-system PER 1,2. In EHP-system, the PER were 0,7 for 

condensing power, 1,0 for CHP-production, 1,2 for yearly average and 1,7 for non-fuel-

methods.  

The efficiency of gas heat pump systems in relation to EHP-system improves when the 

share of peak load increases. In gas systems, PER remains always above 1. This is due to 

efficient peak load production in condensing boiler versus electric element based system. 

Therefore as peak load increases in EHP-system, the relative share of losses increases. 

Thus in total systems energy efficiency point of view, the EHP-system might be more energy 

consuming option depending on the assumptions made in electricity production chain. 

However, in a heat pump systems, heat pump covers typically 95-99 % of yearly heat output 

demand. This means that peak load is needed only short periods of time during a year.  

Thus the advantage in peak load production may not be that significant from overall 

economic evaluation. 

7.4 Results reliability and future research 

The calculation models and systems were simplified in this thesis. In reality, the conditions 

vary throughout the year. For instance, ground temperature is varying a few degrees 
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according to the season due to heat absorb and recovery. This thesis-calculation did not 

take into account specific technical factors (i. e. pressure losses). Systems’ adjustment can 

affect also on the performance of systems. However, the results can be considered as good 

indicators of typical situations of selected cases and therefore reliable. The case-calculation 

results are in line with other studies that were found from publications.  

Electricity production efficiency was now assumed to be constant. However, in reality the 

production efficiency varies constantly depending on supply and demand. EHP-system 

showed the best results when electricity was produced by non-fuel-methods. However, due 

to intermittency, non-fuel produced electricity cannot cover the whole electricity demand in 

winter when the electricity demand is at its highest.  It would be interesting to simulate more 

accurately how production efficiency acts when electricity demand increases and also heat 

demand. Other strongly associated issue on energy production that what was left unviewed 

is CO2-emissions of electricity production and gas heat pump systems. This would require 

also a further study. 

Economy was not examined in this thesis, which however, would have brought important 

additional info. For consumer, the difference in natural gas and electricity price affects to 

the decision making. Borehole is typically the most expensive part of ground source heat 

pump system. In gas options, it might be possible to get along with smaller borehole due to 

fact that part of the heat is obtained from the combustion of gas and thus drilling costs of 

borehole might be possible to reduce. 

Other unviewed aspects in this thesis are the technical reliability of different technologies 

and practical technical issues such as connections to the grid. Advantage of EHP-system 

is that electric grid covers, in practice, whole country while natural gas grid covers mainly 

south and south-east of Finland. However new logistic solutions, such as LNG may enable 

gas usage as off-grid. Nevertheless, this is also dependent on economy and viability of the 

systems and would require further study.  
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APPENDICES 

Appendix 1: Logarithmic pressure-enthalpy diagram of R134a 
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Appendix 2: Logarithmic pressure-enthalpy diagram of R407C 
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Appendix 3: Logarithmic pressure-enthalpy diagram of R410A 
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Appendix 4: Logarithmic pressure-enthalpy diagram of R717 (ammonia) 
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Appendix 5: Logarithmic pressure-enthalpy diagram of R744 (CO2) 
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Appendix 6: Properties of saturated H2O-pressure table 
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Appendix 7: Properties of saturated H2O-temperature table 
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Appendix 8: Ammonia-water concentration-enthalpy diagram 
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Appendix 9: Flue gas condense water calculation 

Flue gas dew point and theoretical amount of condensing water when methane flue gases 

are cooled down to 45 °C. Air-to-fuel ratio (λ) is 1,1. 

Methane flue gases are listed in the table below, stoichiometric combustion is assumed and 

fuel mass is 1000 g CH4. Oxidizer is pure air (N2=3,769∙1 O2 mol) and the humidity of it is 

neglected: 

Flue gas 

Component 

Amount of 

a 

constituent 

Mole 

fraction 

Molar mass Mass Mass 

fraction 

 n [mol] xi [%] M [g/mol] m [kg] w [%] 

CO2 63 8,7 44 2,75 13,8 

H2O 125 17,4 18 2,25 11,3 

N2 518 72,2 28 14,51 72,9 

O2-residual 12,5 1,7 32 0,4 2,0 

Total 718 100  19,9 100 

 

Flue gases are assumed to be in atmospheric pressure (ptot= 101,3 kPa). 

Water partial pressure in the flue gases is thus (equation 2.3): 

𝑝𝐻2𝑂 = 𝑥𝐻2𝑂 ∙ 𝑝𝑡𝑜𝑡 = 0,174 ∙ 101,3 𝑘𝑃𝑎 = 17,63 𝑘𝑃𝑎 

From the properties of saturated vapor (see appendix 6 and 7), the following values can be 

derivate: 

Temperature [°C] Pressure [MPa] 

55,3 0,016 

57,8 0,018 

 

The value of dew point for the pressure 17,63 kPa can be found by interpolating: 

𝑇𝐻2𝑂,𝑑𝑒𝑤 𝑝𝑜𝑖𝑛𝑡 = 55,3 °𝐶 +
(0,01763 − 0,01600)𝑀𝑃𝑎

(0,01800 − 0,01600)𝑀𝑃𝑎
∙ (57,8 − 55,3)°𝐶 = 57,3 °𝐶 

When flue gases are cooled down to 45 °C, the properties of saturated water-table 

(Appendix 7) gives water partial pressure: 

𝑝𝐻2𝑂(45 °𝐶) = 0,0096 𝑀𝑃𝑎 
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Thus the new mole fraction of water in the flue gases can be calculated (other components 

are assumed to remain unchanged): 

𝑥𝑖 =
𝑛𝑖

𝑛𝑡𝑜𝑡
    (A9.1) 

Equation gives: 

𝑥𝐻2𝑂(45 °𝐶) =
9,6 𝑘𝑃𝑎

101,3 𝑘𝑃𝑎
= 0,095 = 9,5 % 

By assuming that the only variable amount of constituent in the flue gases is water and 

applying the knowledge that water mole fraction must be 9,5 % in the flue gases, the 

remained water amount can be iterated. The results are: 

Flue gas 

Component 

Amount of 

a 

constituent 

Mole 

fraction 

Molar mass Mass Mass 

fraction 

 n [mol] x [%] M [g/mol] m [kg] w [%] 

CO2 63 9,5 44 2,75 14,6 

H2O 62,06 9,5 18,0 1,12 5,9 

N2 518,2 79,1 28,0 14,51 77,3 

O2-residual 12,5 1,9 32 0,40 2,1 

Total 655,3 100,00  18,8 100,0 

 

Thus the theoretical water amount that condensates when the flue gases are cooled down 

to 45 °C is: 

𝑚𝐻2𝑂,𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑒(45 °𝐶) = 2,25 𝑘𝑔 − 1,12 𝑘𝑔 = 1,13 𝑘𝑔/𝑘𝑔𝐶𝐻4
 

Water heat of vaporization, L, is 2260 kJ/kg and condensation releases this amount of heat 

per kilogram of methane combustion. 
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Appendix 10: GEHP-model calculation example at the design point. 

Assumed initial values are: 

Natural gas, LHV 50 MJ/kg 

Air-fuel-ratio, λ 1,1 

Engine 

-mechanical efficiency 

-cooling heat recovery efficiency 

 

0,3 

0,25 

Flue gas 

- average heat capacity, cp 

- amount per kg methane (λ=1,1) 

- temperature in 

- temperature out 

- H2O condense 

- H2O heat of vaporization 

 

1,66 kJ/kgK 

19,9 kg/kgCH4 

400 °C 

45 °C 

1,13 kg/kgCH4 

2260 kJ/kg 

Coolant temperature 

-in 

-out 

 

90 °C 

70 °C 

Heat pump COP 3,98 

 

Natural gas is assumed to consist of pure methane in calculations. Energy balance for 

GEHP is: 

𝜙𝐻2𝑂 = 𝜙𝑐𝑜𝑛𝑑 + 𝜙𝑐𝑜𝑜𝑙𝑖𝑛𝑔,𝑔𝑒 + 𝜙𝑓𝑔  (A10.1) 

Where: 

  ΦH2O= heat flow to water   [W] 

  Φcond= heat output from condenser  [W] 

  Φcooling, ge= heat output from gas engine cooling [W] 

  Φfg= heat output from flue gas heat recovery [W] 

All the heat flows are dependent on the fuel input energy flow. Condenser and engine 

cooling heat flows can be determined directly from input energy flow. For condenser: 

𝜙𝑐𝑜𝑛𝑑 = 𝜙𝑓,𝑔𝑒 ∙ 𝜂𝑚𝑒𝑐ℎ,𝑔𝑒 ∙ 𝐶𝑂𝑃  (A10.2) 

Where: 
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  Φf, ge= fuel input flow to engine  [W] 

  ηmech, ge= gas engine mechanical efficiency [-] 

  COP= compressor heat pump process’ COP [-] 

And for engine cooling: 

𝜙𝑐𝑜𝑜𝑙𝑖𝑛𝑔,𝑔𝑒 = 𝜙𝑓,𝑔𝑒 ∙ 𝜂𝑐𝑜𝑜𝑙𝑖𝑛𝑔,𝑔𝑒  (A10.3) 

Where: 

  ηcooling, ge= gas engine cooling heat recovery efficiency [-] 

Flue gas heat recovery flow is calculated through flue gas mass flow, which is dependent 

on fuel input energy flow and air-fuel ratio. Fuel mass flow is (equation 3.12): 

   �̇�𝑓 =
𝜙𝑓,𝑔𝑒

𝑞𝐿𝐻𝑉
 

Flue gas mass flow is then (with λ=1,1): 

�̇�𝑓𝑔 = �̇�𝑓 ∙ 19,9
𝑘𝑔

𝑘𝑔𝐶𝐻4
   (A10.4) 

Where: 

  ṁfg= flue gas mass flow   [kg/s] 

Flue gases heat consist of sensible heat and after dew point undercutting, latent heat of 

vaporization. Water condense amount is calculated in appendix 9 for assumed temperature 

drop and air-fuel ratio. Thus total flue gas heat recover output is: 

𝜙𝑓𝑔 = 𝜙𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 ℎ𝑒𝑎𝑡 + 𝜙𝑙𝑎𝑡𝑒𝑛𝑡 ℎ𝑒𝑎𝑡  (A10.5) 

Where: 

  Φsensible heat= sensible heat flow of flue gases [W] 

  Φlatent heat= latent heat flow of flue gases  [W] 

Sensible heat is calculated: 

𝜙𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 ℎ𝑒𝑎𝑡 = �̇�𝑓𝑔 ∙ 𝑐𝑝𝑓𝑔 ∙ (𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡)  (A10.6) 

Where: 

  cpfg= flue gas average specific heat capacity [kJ/kgK] 

  Tin= temperature of flue gases before heat recovery [K] 
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Tin= temperature of flue gases after heat recovery [K] 

Latent heat flow of water vapor condense in flue gases is: 

𝜙𝑙𝑎𝑡𝑒𝑛𝑡 ℎ𝑒𝑎𝑡 = 𝐿 ∙ �̇�𝑓 ∙ 1,13 𝑘𝑔/𝑘𝑔𝐶𝐻4  (A10.7) 

Where: 

  L= latent heat of water vaporization  [kJ/kg] 

ΦH2O is set to 84 kW. Thus the GEHP-values can be evaluated by iterating the fuel input 

energy flow. Iterating gives a result 48,4 kW at the design conditions. The equations are 

giving then: 

Condenser heat output flow (equation A10.2): 

𝜙𝑐𝑜𝑛𝑑 = 48,4 𝑘𝑊 ∙ 0,3 ∙ 3,98 = 57,9 𝑘𝑊 

Engine cooling heat recovery flow (equation A10.3): 

𝜙𝑐𝑜𝑜𝑙𝑖𝑛𝑔,𝑔𝑒 = 48,4 𝑘𝑊 ∙ 0,25 = 12,1 𝑘𝑊 

Fuel input mass flow (equation 3.12): 

�̇�𝑓 =
48,4 𝑘𝑊

50 000
𝑘𝐽
𝑘𝑔

= 0,001
𝑘𝑔

𝑠
 

Flue gas mass flow (equation A10.4): 

�̇�𝑓𝑔 = 0,001 ∙ 19,9
𝑘𝑔

𝑘𝑔𝐶𝐻4
= 0,0193

𝑘𝑔

𝑠
 

Flue gas sensible heat flow (equation A10.6): 

𝜙𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 ℎ𝑒𝑎𝑡 = 0,0193
𝑘𝑔

𝑠
∙ 1,66

𝑘𝐽

𝑘𝑔𝐾
∙ (400 °𝐶 − 45 °𝐶) = 11,4 𝑘𝑊 

Flue gas latent heat flow (equation A10.7): 

𝜙𝑙𝑎𝑡𝑒𝑛𝑡 ℎ𝑒𝑎𝑡 = 2260
𝑘𝐽

𝑘𝑔
∙ 0,001

𝑘𝑔

𝑠
∙ 1,13

𝑘𝑔

𝑘𝑔𝐶𝐻4
= 2,7 𝑘𝑊 

Flue gas total heat recovery flow (equation A10.5): 

𝜙𝑓𝑔 = 11,4 𝑘𝑊 + 2,7 𝑘𝑊 = 14,0 𝑘𝑊 

Thus engine’s flue gas recovery efficiency is: 



116 
 

𝜂𝑓𝑔 =
𝜙𝑓𝑔

𝜙𝑓,𝑔𝑒
=

14,0 𝑘𝑊

48,4 𝑘𝑊
= 0,29   (A10.8) 

And engine’s total efficiency is: 

𝜂𝑡𝑜𝑡 = 𝜂𝑚𝑒𝑐ℎ,𝑔𝑒+𝜂𝑐𝑜𝑜𝑙𝑖𝑛𝑔,𝑔𝑒 + 𝜂𝑓𝑔 = 0,3 + 0,25 + 0,29 = 0,84 (A10.9) 

Energy balance gives (equation A10.1): 

57,9 𝑘𝑊 + 12,1 𝑘𝑊 + 14,0 𝑘𝑊 = 84,0 𝑘𝑊 

Note that flue gases mass flow in sensible heat is assumed to keep constant, which is not 

true when part of the water vapor condensates. However, the error is not significant and 

thus it can be assumed. 

Heat pump refrigerant mass flow is (equation 3.4): 

�̇�𝑟 =
57,9 𝑘𝑊

483
𝑘𝐽
𝑘𝑔

− 264
𝑘𝐽
𝑘𝑔

= 0,264
𝑘𝑔

𝑠
 

Thus evaporator heat flow is (equation 3.4): 

𝜙𝑒𝑣 = 0,264
𝑘𝑔

𝑠
∙ (428

𝑘𝐽

𝑘𝑔
− 264

𝑘𝐽

𝑘𝑔
) = 43,3 𝑘𝑊 

And compressor input power so engine’s mechanical power is (equation 3.4): 

𝑃𝑐𝑜𝑚𝑝 = 0,264
𝑘𝑔

𝑠
∙ (483

𝑘𝐽

𝑘𝑔
− 428

𝑘𝐽

𝑘𝑔
) = 14,5 𝑘𝑊 

 

 

 


