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Abstract 

 

The aim of this project is to economically and energetically compare different power 

generation systems that use renewable sources as fuel to increase the temperature of a water 

line. This line is used to cool the LuxTurrim 5G Poles, which will be implanted in the Kera 

Area and in the Nokia Campus, in order to use the heat acquired by its electronic 

components, for the Low Temperature District Heating Network of this area. 

 

The extra heat provided to the water line after the poles, comes from a heat generation 

system that uses renewable sources as fuel, therefore, some scenarios are proposed using 

different renewable sources and technologies to increase the temperature levels of the water 

line to the levels of the network. Some of the proposed systems are mathematically modelled 

in Matlab and others taken from other studies, to determine the energy production per year 

and also, an economic analysis of each system is made to determine the costs of production, 

maintenance and start-up. Finally, the Levelized Cost of Energy of each system is 

calculated, in order to compare them both energetically and economically. 
 

The objective is to find out which system is the most suitable to implement in combination 

with the poles and to cover part of the heat demand of the district heating network, studying 

the energy and cost of production of eight scenarios using different combinations of 

technologies and fuels. It should be noted that the scope of this project does not cover the 

modelling of all systems, therefore some data has been taken from previous studies. 
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1. INTRODUCTION 

This master thesis consists of a thermoeconomic study of a real district heating network 

case. The bases of the project taken are the use of a renewable power generation system 

to provide heat to a Low Temperature District Heating Network for the new smart city in 

the Kera area. 

As a smart city, new electronic devices are implemented to automatize the streets and one 

of the systems that are going to be installed are the LuxTurrim 5G Poles. These poles 

need a refrigeration system to cool down its devices and the main idea is to use this heat 

recovered to use it in the district heating network which as its name suggests, is a low 

temperature network and so the heat needed for this can come from low temperature heat 

sources, which are not suitable for use in other systems. Even though, the heat recovered 

from the poles is not enough and it may be increased with another heat system which will 

use renewable fuel sources. 

The extra heating system is the principal point of the research of this project. In it, 

different technologies will be studied from an energy and economy point of view which 

will use different renewable fuel sources as solar, wind, biofuel and geothermal to find 

which system is the most suitable to use. 

The energy study consists on simulation models to determine the energy generated by 

each system and the economic study is based on the calculation of the Levelized Cost Of 

Energy (LCOE) which gives an economical view of the cost of producing energy with 

each fuel and technology as function of the power generated by it. 

The energy supplies studied are the use of a new wind power generating system based on 

kites, the use of biomass and the use of geothermal heat, while the energy study of 

photovoltaic and the wind turbine systems are directly taken from other studies and 

projects so it is not a direct part of this project. Finally, the cost of producing heat with 

each system is calculated to determine which one is the most suitable. 

 

1.1 BACKGROUND 

According to the International Energy Agency (IEA) “The building sector is responsible 

for more than one third of the energy consumption of societies and produces the largest 

amount of greenhouse gas emissions (GHG) of all sectors. This is due to the utilizations 

of combustions processes of mainly fossil fuels to satisfy the heating and cooling demand 

of the building stock” [1] 

Nowadays most of the cities in northern and central Europe are heated up with District 

Heating Networks by taking the wasted heat of the Power Plants, which most of them use 

coal and natural gas in the coastal areas and biomass in the non-costal. District Heating 

Networks it is very common on cold weathers because of the high need of heating and 

the easiness of getting cooling energy.  

Putting some numbers, the demand in cities as Helsinki, Copenhagen or Warsaw are 

covered up to 80 - 90%[2] by this system and in particular, Finland is aiming a near zero 

energy buildings (nZEB) by 2020 and by 2029 the use of coal for the generation of 

electricity and heat will be prohibited, so new ways of supply must be developed.[3]–[5] 
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District Heating Networks use the heat wasted of power plants together with different 

heat sources and energy production as renewable systems, cogeneration and combined 

cycles or residual heat from industrial processes or incineration, to supply of cooling and 

heating, and cold and hot water to a neighbourhood. These systems are able to heat up 

water around 75 – 120ºC, depending on the outside temperature, using heat pumps to 

arrive to correct temperature levels and make it arrive to the end-user, these are called 3rd 

Generation DH. 

The use of this system has many advantages in front of the common heat energy 

production systems in different aspects as the environmental, thermal production, 

urbanization, the security and the economical, such as: 

Environment  Minimization of the use of primary energy sources based on 

fossil fuels 

 Reduction in the emission of gases with greenhouse effect 

 Reduction in losses of refrigerant fluids to the atmosphere  

 Reduced visual impact in facades and buildings 

 Improved air quality in urban areas 

 Decreased noise and vibrations in buildings connected to the 

system. 

Thermal 

production 
 Lower installed power  

 Interconnection between systems and storage capabilities  

 Flexibility in the use of fuels  

 Easy-to-adapt cogeneration 

 Combination with absorption systems (tri-generation)  

 Use of residual energy sources 

Building and 

urban design 
 Reduction in initial building costs 

 Increase in useful space  

 Reduced operation and maintenance costs  

 Increased quality of urban areas 

 Efficient use of local energy resources 

Security  Ensured quality and continuity of heat/cold supply  

 Reduced risk of diseases such as legionellosis (no cooling 

towers in buildings)  

 Adequate supervision of production systems and substations.  

 Absence of flammable gases inside buildings 

Economy  Reduction in the electric power required: significant savings in 

energy costs  

 Reduced maintenance costs  

 No need to buy/replace own equipment  

 Higher available space for other activities 
TABLE 1. ADVANTAGES OF USING DISTRICT HEATING FROM [2] 

However, the implementation of these networks requires a good level of coordination 

between the thermal and electrical production systems to match correctly the amount of 

energy demand to the supply. So, an initial planning must be studied including the present 

and future energy demand, the distribution network and future expansion among other 

things. 
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Currently, a 4th Generation DH is being improved called Low Temperature District 

Heating (LTDH) networks, which works as a 3rd generation DH but the required 

temperature levels are reduced to 50ºC or less. This reduction of the distribution 

temperature is directly proportional to the reduction of heat losses in the pipelines and to 

the use of low temperature heat sources, which can come from other systems for reuse, 

so overall the efficiency of the system it is increased. 

The benefits of the use of LTDH are both for company suppliers and customers. 

Companies take advantage of having less heat losses in the pipeline distribution, and so 

they can use more cost effective materials (plastic piping instead of metal based pipes), 

also the low temperature demand allows the integration of renewable energy generations 

such as geothermal, solar thermal and photovoltaic, wind power and biomass. For 

costumers the main benefit is the assurance of heat supply with no necessity to take care 

of the maintenance or either of fuel supply or the operation of the systems. Also, the use 

of networks without storage and small volume pipes offers a safe supply of heat water 

around 50ºC without having risk of legionella growth.  

From a general point of view, the main point is the increase of global efficiency of the 

energetic system, the reduction of using fossil fuel and so the reduction of emissions of 

GHG to the atmosphere. In consequence, the dependency on foreign fuel supplies 

decrease and economically, prices of fuels are reduced and more stables, making possible 

more competitive prices in heat providing. 

Looking to the current technology, other studies have demonstrated the possibility of 

using data centres as a source of heat, and in fact, currently it is being used. The amount 

of data saved, processed and transformed worldwide grows every day, so data centres too, 

making their energy efficiency more important. Because of that, the need of cooling data 

centres systems is very important as the electricity consumed it is almost full converted 

into heat which has to be extract, so it can be used as a heat source at the same time that 

data centres are being refrigerated.  

According to this and the growing interest of automating cities in order to turn them into 

smart cities, new devices based on electronic components are being created and 

implemented, so the same idea as with data centers can be applied. One of these new 

devices that are going to be studied by its possibility of heat recovery from their 

refrigerations system are the LuxTurrim 5G Poles of Nokia [6]. 

 

1.2 SCOPE AND OBJECTIVES 

The main objective of this thesis is to study and compare the heat and power production 

capacity of different systems using different fuels, which come from renewable sources, 

in order to heat a Low Temperature District Heating Network in a cost-efficiently way.  

An important point is that the heating network is provided by two different heating lines: 

the main one comes from a cooling line of a new 5G poles network and the second one is 

implemented to increase the temperature level of the main line, which is the one on which 

the study is based. 

In accordance with Finland’s objective of reducing emissions and using renewable energy 

sources for power production, the fuels proposed to increase the temperature level of the 

second line come from potential renewable sources currently used in the area of study. 
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The main potential renewable source in Finland is known to be biomass, but the potential 

of solar, wind and geothermal energy has also been considered.  

Different models of the various systems have been made to determine the heating capacity 

achieved and then an economic study has been done to find the most suitable system and 

fuel, to provide of the extra heat. 

It should be noted that the scope of the thesis is not the modelling of all the proposed 

scenarios, so some technologies and fuel parameters have been taken from other studies 

and projects and then, with the modelled systems, have been used to compare energy and 

economics to find out which is the best option. The systems not modelled in this project 

are the photovoltaic and wind turbine, whose production is easily taken from 

environmental data over a year and from the electricity market, while the systems 

modelled are geothermal, biomass and a new wind system whose production varies 

according to different parameters or, in the case of the new wind system, has not been 

studied in depth. 

The study focuses on the use of these systems in a District Heating Network in a new area 

next to Helsinki, because it is the most common system for heating houses in Finland, but 

the calculations and results are applicable to any place (worldwide) where district heating 

is used and there is potential for renewable sources. 

 

2. DISTRICT HEATING AND RENEWABLES 
ENERGIES IN FINLAND 

2.1 DH IN FINLAND 

The Nordic countries are ground-breaking in district heating production, and Finland in 

proportion to its population, is on the top of them. Over the years, district heating 

networks have evolved favourably, and this is reflected in lower temperature levels, 

increased efficiency and diversification in production methods, such as the use of 

renewable energies. [7] 

Finland has a total installed capacity of district heating of 23,390 MWth, which in 2018 

the total net production was 38,509 GWh, covered in a 53,3% by fossil fuels and peat and 

in 46,7% by renewable fuels and other energies sources. 

From the total energy consumption in households destined to heating spaces and domestic 

water, 34,6% of it is covered by district heating, which is used in an 85,4% by residential 

buildings and blocks of flats [8]. A distinction must be made between ambient electricity, 

which comes from heat pumps, and only electricity, which is taken directly from the grid. 
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FIGURE 1. HEATING ENERGY CONSUMPTION IN HOUSEHOLDS 

 
FIGURE 2. CONSUMPTION OF HEATING ENERGY IN RESIDENTIAL BUILDINGS 
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FIGURE 3. PRODUCTION OF DISTRICT HEATING 

Finland is currently aspires to a carbon-neutral society, aiming at a transition to zero-

energy buildings and the elimination of use of coal-fired for the generation of electricity 

and heat, which will be banned in 2029.  [5] 

To make this possible, the share of fossil fuels used by power plants and others is being 

reduced and changed for energy sources as wood or biomass, up to the point that in some 

municipalities heat is produced only by domestic fuels. Also, technologies are looking 

for new production methods using renewable energies such as solar and geothermal, the 

reuse of waste heat from other sources and low temperature systems. [9] 

 

2.2 RENEWABLE ENERGIES IN FINLAND 

The latest data from Statistics Finland shows that 140TWh were consumed in 2018 

generated by renewable energies which supposes the 37% of the total energy 

consumption. The most important contribution is energy from biomass, composed mainly 

of black liquors and wood fuels, which provided of 114TWh and followed by hydro 

power which gave 13TWh. 
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While these data are for the total consumption of energy in the country, the most common 

sources used for heating water, directly or for district heating networks, are geothermal, 

biomass and solar sources. 
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2.2.1 SOLAR ENERGY 

The use of solar energy in the Nordic countries has 

not been a studied option for many years, mainly 

due to the climate, which has few hours of sunshine 

and low levels of irradiation and the lack of 

financial support. Nowadays, many studies have 

showed these are also a good option to implement 

that energy source in mainly three aspects: 

 Average irradiation: Finland has an 

average daily irradiation of 900 kWh/m2 , 

very similar to the average in center Europe 

countries as Germany or Belgium which 

are more likely to use solar energy.[10] 

 Hours of sun: While in the rest of Europe 

the daily hours of sun are more or less 

constants along the year, Nordic countries 

are characterized for having a season with 

no many sun hours (winter) and another 

when sun does not set (summer). That 

makes an annual average similar to the rest 

of Europe. [11] 

 Panels efficiency: Some studies have 

shown that photovoltaic panels are sensitive to temperature, causing efficiency to 

decrease as the temperature rises by up to 16%, making the Nordic countries an 

ideal location for its installation [12] 

 

 

2.2.2 GEOTHERMAL ENERGY 

Finland has a suitable bedrock to implement 

geothermal systems, thanks to the ease of cooling 

by the cold temperature of the bedrock. The 

geothermal gradient is between 8 and 15 K/km 

and the average thermal conductivity is 3,24 

W/Mk. [13] 

The most potential area is in the south where the 

maximum temperatures at the depth of 300 meter 

can reach between 10 and 12 °C; in Pyhäsalmi 

(central Finland) there is a temperature of 22 °C 

in the depth of 1450m, in Outukumpu (east 

Finland) there is 40°C in the depth of 2500m and 

in depth of 6 and 8 km, it can be reached a 

temperature of 100°C. According to these data, it 

is expected to reach temperatures between 100 

and 120°C in the zone of Otaniemi in depth of 6 

to 7 km. [13] 

FIGURE 6. GLOBAL IRRADIATION AND SOLAR 

ELECTRICITY POTENTIAL IN FINLAND 

FIGURE 7. GEOTHERMAL POTENTIAL IN FINLAND 
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2.2.3 BIOMASS ENERGY 

More than 70% of Finland’s territory is covered by forest which provides of a big amount 

of biomass products, mainly coming from the forest industry and pulp and paper industry 

in the form of wood chips, bark, sawdust and black liquor. Also, new biofuel production 

from residues are being studied. 

Over the years, the share of renewable energy has increased and significantly, the 

proportion of biomass which nowadays it is almost of the 32% of the total primary energy 

supply of the country (one of the highest shares of biomass among IEA countries) and 

contributes in almost 18% of the energy generation, which is mainly used for the 

production of electricity and process heat for the residential sector. [14][15][16] 

In 2018, 105TWh were made up from the total consumption of wood fuels, mainly 

covered by solid wood fuels (38TWh) and the burning of black liquor (47TWh), which 

entailed the 74% of the total renewable energy produced and the 27% of the total energy 

consumption. [17] 

 

FIGURE 8. SHARE OF ENERGY PRODUCTION 

 

Solid wood fuels are an important source of energy that has increased over the years 

achieving a consumption of 20,1 million m3 on 2018. From the total amount of solid wood 

fuels, the most important consumption is of forest chips and bark which suppose the 73% 

followed by sawdust.  
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The forest industry consumed a total of 11,5 million m3 of wood fuel, which 7,7 million 

m3 was bark. The total consumption of forest chips was 7,4 million of m3, mainly obtained 

from small sized trees and logging residues counting 6,6 million of m3. [18], [19] 

 

FIGURE 10. SOLID WOOD FUEL CONSUMPTION FROM FOREST CHIPS 

 

2.3 WASTE HEAT ENERGY 

The exchange of energy is based on the law of conservation of energy, which says that 

energy does not disappear but is converted into another form of energy, and as said before, 

it is mainly converted into heat delivered to the atmosphere. Even so, not all energy is 

useful to carry out a work. 

Energy is defined by an exergetic part and an entropic part which complement each other. 

In simple words, it could be said that the entropy determines the part of the energy that 

cannot be used and the exergy the part that it is able to perform a work. In a stable energy 

system, the exergy tends to decrease, so waste heat recovery systems aim to capture the 

maximum amount of energy from a heat source with the minimum of exergy loss. [20] 

 

2.4 WASTE HEAT RECOVERY  

In every energetic process there is an exchange of energy that is mainly in the form of 

heat, but not all the energy that one wants to transfer from one point to another arrives as 

desired and “gets lost” along the way, the part of the energy that is lost goes directly to 

the atmosphere in the form of heat and it is called waste heat. In industrial processes, it is 

the part of energy generated that is not used to produce the final energy sought in the 

process. This waste heat can come from losses during the process or from the extra heat 

needed to produce the final energy, as in gas combustion discharge or residual hot 

products from the process. Other studies have estimated that between 20 and 50% of 

energy consumption is converted into waste heat that goes directly to the environment 

[21]. In order to reduce the amount of waste heat, more efficient equipment and waste 

heat recovery systems can be used, which are able to capture and reuse that heat to help 

either in the same process or for another external ones and increase the productivity of 

the facilities. 
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FIGURE 11. NO RECOVERY OF WASTE HEAT 

 
FIGURE 12. WASTE HEAT RECOVERY 

 

Taking into account the newness and the progress in technologies, a case of study are data 

centres and smart cities devices, which are around the world and where many of these 

technologies are found and need power supplies, connections and a high quality security 

[22]. All these systems and technologies consume a huge amount of energy and in 

addition these are working all the time, 24/7/365 service hours, due to that they emit large 

amounts of heat that need to be removed so good refrigeration systems are very important. 

Data shows that in 2016 data centre industry in Europe reached an amount of waste heat 

of 56 TWh and in 2019 was responsible for more than 2% of the worldwide energy 

consumption [23]. These number is getting bigger as the quantity of data processed per 

day is growing globally so the capacity of data centres is growing too, and new systems 

are being implemented around the world, then, it is estimated that the energy consumption 

is growing between 15 and 20% per year and following the current trend the power 

consumed could be supplicated in the next three to four years.[24] 

In order to reuse the heat from all these electronic devices and components, a wide range 

of technologies able to recover that waste heat have been reviewed, which includes the 

use of it in domestic space and water heating, district heating networks, organic Rankine 

cycles, absorption chillers, desalination, biomass processing, piezoelectric and 

thermoelectric systems. Cooling systems for data centres are mainly with air, chilled 

water or liquid cooling techniques, to ensure the electronics elements remain at a lower 

temperature than 35ºC mainly, capturing heat from the elements which can be used as a 

heat source.  

Each refrigeration system reaches a range of temperature; while heat recovered from air-

cooled servers commonly is between 25 and 35 ºC and can be used directly for space or 

water heating in the same building, heat from chilled water is lower, between 10 and 20 

ºC, and thus need to be increased in order to be useful as a heat source, usually using heat 

pumps. In another hand, heat recovered from liquid cooling can reach 50 or 60ºC. [25] 

Nordic countries present different characteristics and aspects that makes them a suitable 

place for the well energy performance of data centres and it security, and thus a viable 

location to reuse the waste heat from them. On one side, the energetic system of these 

countries is largely covered by renewable and nuclear energies and there is a high share 

of renewables in the district heating networks, these and the good efficiency level of the 

electrical grid offers stability and so, low electricity prices. On another side, the cold 

climate provides of free cooling systems, both because of the ambient temperature as 

because of the possibility of using the lakes and sea water. [26] 

The viability of using data centres as a heat source is corroborated with different studies, 

one of them is [27] which, in rough outlines, studies the feasibility of using the waste heat 
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of a data centre in Espoo for a district heating network. Analysing the power demand, 

load profile and traffic measures of the data centre, as well as the fluctuation per hours 

and per season (depending on the outside air temperature), it was concluded that the data 

centre can function as a steady waste heat source. So as it has been commented before, 

since smart cities devices use the same or really similar technologies as for data centres, 

is feasible to applying the assumptions of data centres in order to consider the possibility 

of heat recovery from them. 

 

2.5 IMPORTANT FACTORS OF A WASTE HEAT 

RECOVERY SYSTEM 

There are different factors that affects on the feasibility of waste heat recovery systems 

and are determined by the waste heat source and the stream to which it has to be 

transferred, these are the quantity and quality of the heat source, the composition of the 

stream, the minimum temperature allowed by the system and external factors such as 

accessibility or economics. Studying altogether these parameters allows to determine the 

better system to use according to each heat and stream source. 

 Heat quantity: Is the measure of the whole amount of energy from a heat source, 

which is defined as it follows: 

 �̇� = 𝑚 ·̇ ℎ(𝑡) (1) 

�̇�[𝑘𝑊] is the waste heat loss, �̇�[𝑘𝑔/𝑠] is the flow rate of the stream and 

ℎ(𝑡)[
𝑘𝐽

𝑘𝑔·º𝐶
] is the enthalpy of the stream, which is function of the temperature and 

the type of source. 

 Heat quality: Is the part of the energy of the waste heat source useful, so the 

exergetic part. It is determined by the difference of temperature of the source and 

the heat collector, which the greater the difference of temperatures the higher the 

quality of waste heat, the area of the exchanger and the material, which depends 

on the transfer coefficient. 

 Stream composition: Depending on the composition of the fluid, the transfer 

coefficient varies and thus the conductivity and heat capacity, and so determine 

the efficiency of the exchanger.  

Another important point to bear in mind, is the possibility of component 

deposition in the exchanger that reduces the efficiency of the system and can cause 

failures.  

 Minimum temperature allowed: Is related to the exchanger material and 

corrosion, because if the temperature of the exhaust gases is lower than the dew 

temperature, that makes the steam condense and deposit corrosive substances that 

damage the surface. 

[21] 
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2.6 HEAT PUMPS IN DH AND DC 

The working process of a waste heat recovery system is based in the acquisition of heat 

from a heat source, by mean of a fluid gas or liquid, in order to transfer the energy in heat 

form to another process or to the same to provide of an extra amount of energy. [28] 

Sometimes the temperature of the fluid is too low and therefore its energy is not enough 

for use, as is the case in low temperature district heating networks, so heat pumps are used 

to increase its energy.  

Heat pumps works with the change of phase of a two-phase refrigerant (liquid and 

vapour), passing through four thermodynamic states. Starting in liquid phase and low 

temperature (1), absorbs heat which causes it to evaporate (2). Next, vapour is compressed 

in a compressor which increases its pressure and temperature (3) and it is circulated 

through a condenser, where the heat acquired is delivered (4). After that, an expansion 

valve makes reduce the pressure and temperature bringing the refrigerant to the first state 

[29], [30]. Depending on the operating direction of the cycle, can work both as a heat 

pump (Figure 1) and as a chiller (Figure 2). 

 

 
FIGURE 13.  HEAT PUMP WORKING AS A HEAT EXCHANGER 

 
FIGURE 14. HEAT PUMP WORKING AS A CHILLER 

 

These devices are characterized because of the low amount of energy needed for the 

process and for it capacity of working in different operation modes. Depending on the 

refrigerant used, they can work in a wide range of difference of working temperatures, 

and depending on the thermodynamic cycle and the number of stages (adding evaporators 

and condensers), it can be easily obtained the end energy level [31]. The efficiency of the 

heat pump is also related to these parameters. 

In terms of economic viability, it mainly depends on the cost of the energy input [25]. 

Regarding the fact that the energy input is a source of waste heat, heat pumps are an 

important component in waste heat recovery and energy efficiency processes and 

specifically working in low temperature levels, as they can improve the heat quality of a 

stream with less energy input. In an overview, the overall efficiency is improved. [28] 

As it has been explained previously, according to the refrigeration system of a data centre 

the temperature of the waste heat can be higher (50-60ºC) or lower (10-20ºC), which 

allows the use of multistage cycles and therefore, makes maximum use of all the heat 

emitted.  
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According to district heating networks, heat sources use to have a low temperature, even 

more when it concerns to low temperature district heating networks. In these cases, heat 

pumps help to improve the heat quality of the source to raise the temperature of the water 

that will be sent to the housing for domestic use. 

 

3. CASE OF STUDY 

3.1 KERA, ESPOO 

The case of study is in the city of Espoo, concretely in the area of Kera. This is a logistic 

area between the Nokia campus and the Kutoja area and is being transformed into an 

urban centre that is expected to accommodate at least 14000 residents and 10000 jobs. It 

is aimed to be an international reference point by using and creating clean and intelligent 

solutions to make easier life for residents and to be in the forefront of sustainable urban 

development. [32], [33] 

One of the proposals studied is the use of low temperature district heating networks to 

supply heat and domestic water to the both new and existing households, which will use 

as a heat source the data centres and the 5G poles that will be installed. 

As explained above, the use of low temperature district heating networks meets the 

requirements for improving the efficiency of energy systems, since the lower the 

temperature the lower the losses, and the reduction of GHG emissions, using renewables 

energy systems and waste heat from other processes.  

 

3.2 SCENARIOS OF STUDY 

 
FIGURE 15. GRAPHICAL ABSTRACT OF THE SCENARIOS TO STUDY 

The figure above shows the graphical abstract of the cases of study of this project which 

uses different renewable energy sources in combination with the heat achieved by the 
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poles to be installed, and different systems to increase the energy levels in order to use it 

in the District Heating Network of the area of Kera and the Nokia Campus. 

As it is showed, the geothermal heat plant is directly used while the rest of energy sources 

are increased using heat pumps and heat only boilers. There will be 8 different scenarios 

of study which are the geothermal plant; heat pumps combined with photovoltaic, wind 

turbine and two size kite systems and directly taken electricity from the electric market; 

and heat only boiler combined with biomass fuel and the electricity from the electric 

market. 

The aim of this project is to make an energy and economy study of the extra heating 

system described to determine which one is the most suitable to use. The energy study 

consists on dynamic simulation models that determine the hourly energy generated by 

each system during a year, and the economic study is based on the calculation of the 

Levelized Cost Of Energy (LCOE) which gives an economical view of the cost of 

producing energy with each fuel and technology as function of the power generated by 

them. 

The energy supplies studied and modelled are the new wind power generating system 

based on kites, the use of biomass and the use of geothermal heat, while the energy study 

of photovoltaic and the wind turbine systems are directly taken from other studies and 

projects so it is not a direct part of this project. Finally, with all the energy data obtained 

with each fuel and combined with the heat pumps and the heat only boilers, according to 

its capacities and hourly power production, the cost of producing the energy has been 

calculated. As renewable supplies may be not constant, as wind and sun, the power 

production is neither constant, so it has been taken into account the need of buying 

electricity from the market when the production is not enough and the sold of it when the 

production is higher than the capacity of the system. 

 

3.3 ASSUMPTION FOR THE NETWORK 

The demand of the heating network is approached to be around 40MW but in this study 

is not considered that all the heating demand is covered for the system. The aim of the 

study is to determine which of the scenarios proposed is more energy and economically 

suitable to be used in the district heating network, taking the specifications considered for 

the 5G poles system and the temperature of the water in the network, which are the 

following: 

- Each 5G pole provides of 200W of heat from the electronic components that need 

to be cooled. 

- The temperature of water through the 5G poles increases from 25ºC to 30ºC 

- The temperature of water through the heating system increases from 30ºC (outlet 

of the poles) to almost 60ºC. 

- The temperature of water through the district heating network decreases from 

60ºC (outlet of the heating system) at the entrance to 25ºC. 

- The water from the district heating network is the one that goes back to the poles, 

so it follows a closed loop.  
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4. POLES AND PIPE STUDY 

According to the brief description of the project [34], an area of 1000000 m2 will be built 

in the Kera area next to the Nokia HQ Campus, where 700000 m2 will be for residential 

buildings. 

Currently, the Kera area is an industrial and logistic area built around the railway station 

which will be transformed into a residential, commercial and pedestrian zone for 14.000 

residents, with the aim of creating a smart city based on a circular economy 

neighbourhood [34]. An important role is played by the LuxTurrim5G Poles, which 

provide a 5G network to “enable cities to tackle their grand challenges regarding 

urbanization and sustainable development - and open new business opportunities for a 

real smart city” [35] 

Below is the current area and the project to be carried out: 

 

FIGURE 16. STREET VIEW OF THE KERA AREA AND NOKIA CAMPUS 

 

FIGURE 17. STREET LAYOUT OF THE KERA AREA AND NOKIA CAMPUS 

Nokia HQ 

Campus 

Kera Area Kera 

Railway 

Satation 
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To approximate the number of 5G poles to be installed in the whole area, Google Earth 

software has been used to estimate the length of the streets and the following assumptions 

have been made: 

- the distance between the poles is 25 m 

- big streets (perimeters, main street, connection Station-Nokia) have poles in both 

directions and the small streets just in one direction  

- the streets of the Nokia campus are taken as they are today 

- the layout of the streets in the Kera area are an approximation based on project 

sketches 

 

4.1 KERA AREA 

 
FIGURE 18. LAYOUT OF THE STREETS OF THE 

PROJECT 

 
FIGURE 19. APPROXIMATE STREET LAYOUT FOR STUDY 

The Kera area will be transformed into a residential area whose distribution is close to 

that of the project [36] as shown in the figure above. 

The total length of the streets is about 10000 meters, so about 400 poles will be installed 

in the residential area. From this calculated total it has to be taken into account that the 

length of the railway street is about 1030 meters, it is counted twice as a small street, 

where one line of poles will be facing the southern part of the city and the other towards 

the northern part, therefore there will be 42 poles on each side. 

On the other hand, the perimeter and the main street are also counted. The perimeter of 

the area is about 3315m so 266 poles are calculated, and the main street, which is the one 

going from the Nokia campus to the south of the city (in blue), is about 1000m which 

means 80 poles. 

In total for the Kera Area it is estimated that between 666 and 746 poles will be installed. 
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4.2 NOKIA CAMPUS 

As the Nokia Campus is supposed to remain the same, the length of the streets has been 

calculated according to the current arrangements as shown below: 

 
FIGURE 20. APPROXIMATE STREET LAYOUT FOR STUDY 

The approximate total length of the streets is about 7300m and 2288m for the perimeter 

of the campus, so 292 poles will be needed inside the campus and 184 around it. The total 

amount is 476 poles for the campus area. 

The connection between the railway station and the Nokia campus is also counted 

where according to [37] 15 poles will be installed along the way. 

 Poles 

Kera City 746 

Nokia HQ Campus 476 

Station-Campus Connection 15 
TABLE 2. NUMBER OF POLES PER ZONE 

 

4.3 PIPE LENGTH 

Considering that for the installation of the poles it already entails the realization of piping 

for the wiring and that it has to reach all the posts, this will follow the layout of the streets, 

therefore it makes sense to assume that the layout of the pipes in charge of cooling the 

posts will follow the same layout in the urban zones. These will go to the power plant, 

where the temperature level of the water will be raised for use in the Low Temperature 

District Heating Network through two common pipes, one from the Nokia Campus and 

one from Kera City. 

In that case, it is considered that in large streets with poles in both sides the pipe is the 

same (it passes through the middle of the street) with exits to the poles, therefore the total 

length of the pipe will be twice the total length of the streets, the perimeter of each area, 

the exits of the pipe to the poles and the common connections to the plant. It must be 

counted twice as the cooling system is a closed circuit in which cold water goes from the 

plant to the poles and hot water from the poles to the plant. 
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The proposed location for the plant is in an undeveloped area not considered in the 

project, between the campus and the city. The following image shows the layout of the 

canalization together with the plant, marked with a blue circle. 

  

 

FIGURE 21. STREETS OF THE KERA AREA AND NOKIA CAMPUS  

It is considered a width of 8 meters for the perimeters and the connection Station-Campus 

(two direction road) and the main street, so the exits to the poles will be of 4 meters. In 

other hand, the width of the railway is about 20 meters, so 10 meters are considered for 

the exits. 

With all the assumptions made, the summary of the pipe length calculation is shown in 

the table below: 

 Poles Exit length (m) 
Street length 

(m) 
Pipe length (m) 

Kera perimeter 266 4 3315 4379 

Campus perimeter 184 4 2288 3024 

Main street 80 4 1000 1320 

Station - Campus 15 4 375 435 

Railway street 84 10 1030 1870 

Kera streets 316  8970 8970 

Nokia campus 

streets 
292  7300 7300 

Perimeter 

Main Street 

Railway Street 

Station - Campus 

Normal Street 

Collection pipes 
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Collection pipes    205 

Pipe length in one 

line (hot/cold water) 
   27503 

TOTAL 1237   55006 

TABLE 3. POLE COUNT AND STREET LENGTH BY AREA 

 

4.4 HEAT RECOVERY STUDY 

As has been commented before, the poles are assumed to provide of 200W of heat each 

one, which instead of being wasted is going to be used as a heat source for the heating 

network of the area, increasing the temperature of the mass flow of water from 25ºC to 

30ºC. 

Considering and initial and ideal case with no heat losses in the pipe network and with all 

the poles working as a heat source, the amount of heat recovered is of 247,4 kW.   

That way, the mass flow needed from the 5G poles system it can be calculated as follows: 

 𝑄𝑡𝑜𝑡𝑎𝑙 𝑝𝑜𝑙𝑒𝑠 = �̇�𝑡𝑜𝑡𝑎𝑙 𝑝𝑜𝑙𝑒𝑠 ∙ 𝑐𝑝𝑤𝑎𝑡𝑒𝑟 ∙ ∆𝑇𝑤𝑎𝑡𝑒𝑟 (2) 

 

With 𝑐𝑝𝑤𝑎𝑡𝑒𝑟 = 4,18
𝑘𝐽

𝑘𝑔 · 𝐾⁄  and the rest of parameters known, the total mass flow of 

water for all the poles working is of 11,873kg/s, being of 0,0096kg/s for each. 

To determine which is the best technology to use, an energy and economical study has 

been done for each system. 

 

5. ENERGY STUDY 

5.1 BIOFUEL BOILER MODEL 

One of the proposed scenarios to provide of extra heat to the network is through the use 

of a biogas boiler which increases the temperature of the water coming from the data 

centres and the 5G poles.  

The known data is that water arrives at the boiler at 30ºC and leaves at 55-60ºC, and the 

study factors are the type of biogas and the boiler parameters to achieve this increment of 

temperature. To do this, an energy and exergy balance of the system must be made. 



22 
 

 

FIGURE 22. BIOFUEL BOILER MODEL 

The control volume studied is the boiler which as input flows are water in state 18, biogas 

and the excess of air to make a complete combustion of the fuel, and as output flows are 

water in state 19 and. the flue gas from the combustion. 

 

5.1.1 WATER 

Water and air properties can be taken directly from the thermodynamic tables, which are 

a function of temperature and pressure (1 atm). [38][39] 

The specific heat (cp) of water is also a function of temperature but as it has very little 

variation it is studied with a value of 4,18 [kJ/kgK].  

 

5.1.2 BIOFUEL 

The supply for the system is formed in a combination of biomass and biogas, which is 

expressed by a factor of use F. In the model described, the factor is refered to the use of 

the biomass suply in a combination of the heating value of the biogass and the biomass 

as follows: 

 𝐿𝐻𝑉𝑏𝑖𝑜𝑓𝑢𝑒𝑙 = 𝐿𝐻𝑉𝑏𝑖𝑜𝑚𝑎𝑠𝑠 · 𝐹 + 𝐿𝐻𝑉𝑏𝑖𝑜𝑔𝑎𝑠 · (1 − 𝐹) (3) 

But in the case described, just biomass is going to be used so the F=1, being the LHV of 

the biofuel the same as the biomass. 

 𝐿𝐻𝑉𝑏𝑖𝑜𝑓𝑢𝑒𝑙 = 𝐿𝐻𝑉𝑏𝑖𝑜𝑚𝑎𝑠𝑠 

 

(4) 

5.1.2.1 BIOMASS 

Each type of biomass has a specific composition which determine its thermodynamically 

values and which varies according to its proportion. One of the most significant parameter 

that affects to the calorific value of the combustion is the moisture content, because it 

causes that part of the energy used to burn the biofuel is used to evaporate the water in it 

and so, this energy is not used for it purpose which is heat generation. The moisture level 
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of the biomass depends on some aspects as the part of the plant used and the precedence 

of it, the season of the year when it is harvested, being the hotter seasons when the 

moisture levels are higher, and transport and storage conditions. [40] 

When the calorific properties of biofuels are defined, two values are given: HHV (High 

Heating Value) and LHV (Low Heating Value), which determine the heat delivered by 

the fuel when it’s burned. HHV it defines the maximum heat of the fuel that could be 

delivered, but since biomass is formed by organic components it implies there is an 

amount of water/moisture in it (which can be reduced), and so LHV is the part of heat 

useful taking into account the moisture content. This value can be calculated as function 

of the moisture content as follows: 

 𝐿𝐻𝑉 = 𝐻𝐻𝑉 · (1 − 𝑚) − 2,4473 · 𝑚 (5) 

 

LHV and HHV are given in MJ/kg, m is the moisture content in % and the constant 2,4473 

is the latent heat of vaporization of water at 25ºC in MJ/kg. [41] 

Keeping in mind that heating power of each biofuel is different and varies, also the 

efficiency of the combustion process, where the chemical energy of the fuel is 

transformed in calorific energy, will varies too. Efficiency of biomass boilers use to range 

between 80 and 90%, but an approximation for each type of biomass can be expressed as 

function of its LHV as follows: 

 𝜂𝑏𝑜𝑖𝑙𝑒𝑟,𝐿𝐻𝑉 =
𝑞𝑢𝑠𝑒𝑓𝑢𝑙

𝐿𝐻𝑉𝑏𝑖𝑜𝑚𝑎𝑠𝑠
 (6) 

 

This expression comes from the energy balance of the boiler where its efficiency is the 

useful heat of the outlet water divide the heat of the fuel at the inlet:  

 
𝜂𝑏𝑜𝑖𝑙𝑒𝑟,𝐿𝐻𝑉 =

�̇�𝑤𝑎𝑡𝑒𝑟 · (ℎ19 − ℎ18)

�̇�𝑏𝑖𝑜𝑚𝑎𝑠𝑠 · 𝐿𝐻𝑉𝑏𝑖𝑜𝑚𝑎𝑠𝑠
 (7) 

 𝑞𝑢𝑠𝑒𝑓𝑢𝑙 = 𝑟 · (ℎ19 − ℎ18) (8) 

 𝑟 =
𝑚𝑤𝑎𝑡𝑒𝑟

𝑚𝑏𝑖𝑜𝑚𝑎𝑠𝑠
  (9) 

 

Where ℎ19 and ℎ18 are the enthalpy values of the water at points 19  an 18 in 
𝑘𝐽

𝑘𝑔
 and r is 

the relation of mass of heated water per mass of fuel in [
𝑘𝑔𝑤𝑎𝑡𝑒𝑟

𝑘𝑔𝑏𝑖𝑜𝑚𝑎𝑠𝑠
]. 

Boiler efficiency can also be expressed by its HHV, which gives a better view of the 

capacity for heat recover, as follows [42] : 

 
𝜂𝑏𝑜𝑖𝑙𝑒𝑟,𝐻𝐻𝑉 = 𝜂𝑏𝑜𝑖𝑙𝑒𝑟,𝐿𝐻𝑉 ·

𝐿𝐻𝑉𝑏𝑖𝑜𝑚𝑎𝑠𝑠

𝐻𝐻𝑉𝑏𝑖𝑜𝑚𝑎𝑠𝑠
 (10) 
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5.1.3 AIR 

In order to get a complete combustion of the fuel, an additional airflow is required to 

provide of extra oxygen, and the excess air is usually between 15 or 30% more than the 

fuel flow, and also, is often preheated to make the process more efficient. [43] 

In this case, a 20% extra air is considered and, as for water, the properties can be taken 

from the air thermodynamic tables and are a function of temperature and preassure (1 

atm). [38][39] 

It should be noted that dry air is mainly composed of N2 and O2 in proportions of 70-80% 

and 20-30% (in volume) each, while the other components have a very small proportion 

between 1 and 5%. In this case, the proportions considered are 76% N2, 20% O2, and 4% 

other components.[44] 

 

5.1.4 FLUE GASES 

To determine the properties of the flue gases, it is necessary to know their composition 

by the stoichiometric reaction of the combustion [45], but considering that only biomass 

will be used, in general the expression of combustion has been as shown below: 

 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 + 1,2 (𝑂2) ↔ 𝐶𝑂2 + 1,2 𝐻2𝑂 (11) 

 

The specific heat of the flue gas is calculated in proportion to the amount of CO2, and 

vapour of H2O.[46] 

 CO2 H2O (vapour) 

cp [kJ/kgK] 0,978 4,4958 

y 1 1,2 

TABLE 4. FLUE GAS CHARACTERISTICS 

 
𝑐𝑝𝑓𝑔=

𝑐𝑝𝐶𝑂2
∙ 𝑦𝐶𝑂2

+ 𝑐𝑝𝐻2𝑂
∙ 𝑦𝐻2𝑂

𝑦𝐶𝑂2
+ 𝑦𝐻2𝑂

 (12) 

Where yi is the mols of each elements per mol of flue gas and the outlet temperture for 

the gases is supposed to be of 100ºC. 

 

5.1.5 ENERGY AND MASS BALANCE 

The mass balance is composed of two lines, the water flow and the combustion flow, 

composed of the fuel and air inlet and the flue gas outlet: 

 �̇�18 = �̇�19 = �̇�𝑤 (13) 

 �̇�𝑏𝑖𝑜𝑓𝑢𝑒𝑙 = �̇�𝑏𝑖𝑜𝑚𝑎𝑠𝑠 + �̇�𝑏𝑖𝑜𝑔𝑎𝑠 (14) 

 �̇�𝑏𝑖𝑜𝑚𝑎𝑠𝑠 = �̇�𝑏𝑖𝑜𝑓𝑢𝑒𝑙 · 𝐹 (15) 

 �̇�𝑏𝑖𝑜𝑔𝑎𝑠 = �̇�𝑏𝑖𝑜𝑓𝑢𝑒𝑙 · (1 − 𝐹) (16) 
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 �̇�𝑎𝑖𝑟 = 1,2 ∙ �̇�𝑏𝑖𝑜𝑓𝑢𝑒𝑙 (17) 

 �̇�𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 = �̇�𝑏𝑖𝑜𝑓𝑢𝑒𝑙 + �̇�𝑎𝑖𝑟 (18) 

 

The energy balance gives the total energy of the system and is defined as the total energy 

input equals the total energy output as follows: 

 𝑄18 + 𝑄𝑎𝑖𝑟 + 𝑄𝑏𝑖𝑜𝑓𝑢𝑒𝑙 = 𝑄19 + 𝑄𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 (19) 

 

Where each energy flow is defined by the mass flow and its properties: 

 𝑄18 = �̇�𝑤 ∙ ℎ18 (20) 

 𝑄𝑎𝑖𝑟 = �̇�𝑎𝑖𝑟 ∙ 𝑐𝑝𝑎𝑖𝑟 ∙ 𝑇𝑎𝑖𝑟 (21) 

 𝑄𝑏𝑖𝑜𝑓𝑢𝑒𝑙 = �̇�𝑏𝑖𝑜𝑓𝑢𝑒𝑙 ∙ 𝐿𝐻𝑉𝑏𝑖𝑜𝑓𝑢𝑒𝑙 ∙ 𝜂𝑏𝑜𝑖𝑙𝑒𝑟 (22) 

 𝑄19 = �̇�𝑤 ∙ ℎ19 (23) 

 𝑄𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 = �̇�𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 ∙ 𝑐𝑝𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 ∙ 𝑇𝑓𝑙𝑢𝑒 𝑔𝑎𝑠 (24) 

 

The model described gives the heat obtained in the proces, the mass flows of fuel (biogas 

and biomass) and air needed for the environmental parameters determined and a water 

mass flow coming of 11,873 kg/s (coming from the 5G poles). The following parameters 

have been used: 

 T [ºC] h [kJ/kg] s [kJ/kgK] cp [kJ/kgK] 

Water18 30 125,73 0,43675 4,1801 

Water19 60 251,18 0,83129 4,1815 

Air 10 283,28 1,644 1,006 

TABLE 5. THERMODYNAMIC PARAMETERS OF WATER AND AIR 

The fuel supply has been defined as biomass only (F=1) with a moisture level of m=14,6% 

and a HHV=19,46 MJ/kg (Finnish peat from [47]) and an efficiency of the boiler of 90%. 

Also is the outlet temperature for the flue gases is supposed to be 100ºC. 

With these assumptions the results obtained are the following: 

𝑸 𝟏𝟒𝟖𝟎, 𝟑 𝐤𝐖 

𝒄𝒑𝒇𝒍𝒖𝒆 𝒈𝒂𝒔 2,8968 
𝑘𝐽

𝑘𝑔 · 𝐾⁄  

𝑳𝑯𝑽𝒃𝒊𝒐𝒇𝒖𝒆𝒍 16619 
𝑘𝐽

𝑘𝑔⁄  

�̇�𝒂𝒊𝒓 0,1375 
𝑘𝑔

𝑠⁄  

�̇�𝒇𝒍𝒖𝒆 𝒈𝒂𝒔 0,2521 
𝑘𝑔

𝑠⁄  

�̇�𝒃𝒊𝒐𝒇𝒖𝒆𝒍 0,1146 
𝑘𝑔

𝑠⁄  

TABLE 6. RESULTS OF THE BIOMASS MODEL 
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5.2 KITE SYSTEM 

In the next scenario studied, the temperature level of the water is increased using an 

electric boiler, whose electrical energy is supplied by a new system based on the 

generation of electricity from wind energy. 

The system is composed of a kite attached to a drum that works as the rotor of the electric 

generator, so that the kite is moved by the wind in an eight-shaped trajectory, which is 

periodic, and makes the tether lengthen as the drum rotates producing the electric power 

of the boiler. The movement of the kite is divided in two phases; the generating phase, in 

which the tether is lengthened and causes the drum to rotate in order to produce electricity, 

and the recovery phase, in which once the length of the tether is maximum a control 

system causes the drum to rotate backwards to roll up the tether to its initial length so the 

cycle can begin again. [48][49] 

 
FIGURE 23. DIAGRAM OF THE KITE-GENERATOR SYSTEM FROM [49] 

To study the amount of energy generated with this system, many variables must be taken 

into account, from the mechanical system to the atmospheric parameters that affect it. As 

the source of energy is the wind, it is necessary to study the behaviour of the kite with 

respect to the wind, as the angle of incidence and the velocity are the main parameters 

that will determine the operating mode of the system and these change continuously. The 

trajectory of the kite is defined by its period, angle of inclination and length of the tether, 

which in combination with the wind characteristics determine how it affects the forces 

over the kite and therefore the power generation is determined by these parameters. 

The kite-tether system is described in spherical coordinates as function of the length of 

the tether and the angles of inclination with the horizontal and the vertical axes, giving a 

wide range of possible positions for the kite which, depending on the wind speed at the 

height of the kite, generates different values of energy. The wind window is known as the 

frame of angles in which the kite is more or less likely to produce energy depending on 

the angle of inclination of the tether with the horizon. To determine this, it is assumed the 

hypothesis that the wind speed vector W is entirely on the x-axis and with the following 

coordinate system it is defined as follows: 
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 𝑊 = 𝑉(sin 𝜃 cos 𝜙 𝑒𝑟 + cos 𝜃 cos 𝜙 𝑒𝜃 − sin 𝜙 𝑒𝜙) (25) 

 

 
 

FIGURE 24. COORDINATES AND REFERENCE SYSTEM 

  

Where V is the value of the wind speed, 𝜃 is the angle of inclination with the vertical z-

axis, 𝜙 is the angle of the horizontal projection of the tether with the x-axis, 𝑒𝑟, 𝑒𝜃, 𝑒𝜙 

are the unitary vectors of the coordinate system, and 𝜗 is the angle of inclination of the 

tether with the horizon which is 90° − 𝜃.  

To determine the optimum angle to work in each phase of the cycle (generation and 

recovery phase), [50] explains how the wind window is divided into power zones, where 

the maximum generation of the system is in the heavy power zone that is the center of the 

wind window. From the reference point of the kite, W is composed of a radial component 

𝑊∥ and an orthogonal to the tether component 𝑊⊥ , where the center of the wind window, 

that coincides with the maximum power zone, is located where the 𝑉∥ is maximum, being 

𝑊∥ = 𝑉∥𝑒𝑟 = 𝑉 sin 𝜃 cos 𝜙 𝑒𝑟. (26) 

The wind power window is divided into iso-power lines that follows 𝑉 sin 𝜃 cos 𝜙 = 𝑐𝑡𝑡  

(27), which go from the center of the window describing circular lines where the 

maximum speed of the kite is constant and, depending on 𝜗 and 𝜙 the power generated 

in each line is higher or lower. [51] 
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FIGURE 25. 3D MODEL OF THE WIND WINDOW  

FIGURE 26. VISUALIZATION OF THE POWER LINES AS 

FUNCTION OF THE ANGLES FOR A SPECIFIC POWER LAW 

VALUE 

 

Taking into account that the wind speed grows with altitude, the wind velocity at the 

height of the kite can be expressed as follows: 

 
𝑉(𝑧) = 𝑉0 (

𝑧

𝑧0
)

𝛼

 (28) 

 
𝑉(𝜗, 𝜙) = 𝑉0 (

𝑟

𝑧0
)

𝛼

sin𝛼 𝜗 cos 𝜗 cos 𝜙 (29) 

 

Where 𝑧0 is a reference level equal to 10m and 𝑉0 its velocity at that reference point, and 

𝛼 is known as a power law exponent which takes different values according to the surface 

and location where the system is located. Expressing this in the spherical 

coordinates 𝑉(𝜗, 𝜙) and finding the maximum for 𝑉∥(𝜗, 𝜙), it is obtained the expression 

𝜗∗ = arctan √𝛼 (30) which gives the angle of inclination of the center of the window 

depending on the power law exponent. Typical values are the following: 

Terrain description 𝛂 𝛝∗ 

Smooth ground, lake or ocean 0,10 17º 

Short grass on untilled ground 0,14 20º 

Level country with foot-high grass 0,16 21º 

Tall row crops, hedges, a few trees 0,20 24º 

Many trees 0,22 – 0,24 25º – 26º 

Wooded country - suburbs 0,28 – 0,30 28º 

Urban areas with tall buildings 0,40 32º 

TABLE 7. POWER LAW EXPONENT AND ANGLE OF INCLINATION ACCORDING TO A TERRAIN 

With regard to the length of the tether, [52] explains that, although A and d are fixed 

parameters that depend on the overall construction of the generator system, the length r 

can easily be modified and the optimum length r* is described below, which will be used 

for the simulation of the system r=r* : 

 
𝑟∗ =

12𝛼

2 − 3𝛼
·

𝐶𝐷 · 𝐴

𝐶⊥ · 𝑑
 (31) 



29 
 

 

The height of the kite in respect to the ground is: 

 𝑧 = 𝑟 · sin 𝜗 (32) 

In a first approach to the system, the average of power generated in a period is studied 

using a stationary hypothesis in which the changing variables: angle of inclination, wind 

velocity and length of the tether, are constant and an average of them is used. [53] 

The aerodynamically forces that affects to the kite are the lift L and drag D forces, which 

are expressed as follows: 

 
𝐿 =

1

2
· 𝜌𝑎𝑖𝑟 · 𝐴 · 𝐶𝐿 · |𝑊𝑒|2 (33) 

 
𝐷 =

1

2
· 𝜌𝑎𝑖𝑟 · 𝐴 · 𝐶𝐷 · |𝑊𝑒|2 (34) 

 𝑊𝑒 = 𝑊 − 𝑣 (35) 

 

Where 𝜌𝑎𝑖𝑟 is the air density, A is the kite area, CD and CL are the drag and lift coefficients. 

We is the effective wind vector, which is function of the wind speed W which is defined 

above, and the kite velocity v. As mentioned above, it is assumed that the wind vector 

follows the x-axis and therefore the longitudinal axis of the kite is always aligned with 

the effective wind vector, with W being the wind speed vector seen from the ground.  

In order to calculate an approximation of the mean mechanical energy generated during 

a generation phase, the expressions from [52] are used: 

 
𝑃𝑚 =

1

2
· 𝜌𝑎𝑖𝑟 · 𝐴𝑒𝑓𝑓 · 𝑉3 · 𝑘0 · 𝑘1 · cos3(𝜗) (36) 

 
𝐺𝑒 =

𝐶𝐿

𝐶𝐷 +
𝐶⊥ · 𝑟 · 𝑑

4 · 𝐴

 (37) 

 
𝑘0 =

4

27
𝐺𝑒

2 (38) 

 
𝑘1 = 1 −

𝐹𝑔𝑟𝑎 + 𝜔𝑐
∥

𝑇1
 (39) 

In it, 𝐴𝑒𝑓𝑓 = 𝐴 · 𝐶𝐿 (40) expresses the effective area of the kite, 𝜗 is the angle of 

inclination of the tether with the horizon and 𝐺𝑒 it expresses the aerodynamically 

efficiency of the kite-tether system. 𝐺𝑒 is a function of the kite’s drag and lift coefficients, 

𝐶⊥ which is the normal reaction coefficient, and the tether parameters r and d which are 

respectively the length and the diameter. The coefficients 𝑘0, 𝑘1 gives a correction on the 

efficiency of the system and the weight of the tether and the kite respectively. 
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In 𝑘1 is calculated from the gravitational forces that acting on the tether, from the kite 

𝐹𝑔𝑟𝑎 and the tether 𝜔𝑐
∥, where m is the mass of the kite and 𝜇 the linear density of the 

tether 𝜇 = 𝜌𝑡𝑒𝑡ℎ𝑒𝑟 · 𝜋 ·
𝑑2

4
 (41), and  the maximal tension of the tether 𝑇1.  

 𝐹𝑔𝑟𝑎 = 𝑚 · 𝑔 · sin 𝜗 (42) 

 𝜔𝑐
∥ = 𝜇 · 𝑟 · 𝑔 · sin 𝜗 (43) 

 
𝑇1 =  

3

2
· 𝜌𝑎𝑖𝑟 · 𝐴𝑒𝑓𝑓 · 𝑉2 · 𝑘0 · cos2(𝜗) (44) 

 

The mean pulling force of the tether to the drum is defined as 𝑇0 = 𝑇1 − 𝐹𝑔𝑟𝑎 − 𝜔𝑐
∥ (45) 

and the tension supported by the tether is defined as 𝐹 = 𝑇1 · 𝜋 ·
(𝑑·1000)2

4
 (46) 

According to [54] and [52], maximizing the mechanical power expression is obtained the 

maximum mechanical power generated by the kite system during the generation phase 

expressed as: 

 
𝑃𝑀 =

2

27
· 𝜌𝑎𝑖𝑟 · 𝐴𝑒𝑓𝑓 · 𝑉3 · 𝐺𝑒

2 · cos3(𝜗) (47) 

The main components that affect the transformation of mechanical energy into electrical 

energy are the mechanical losses 𝜂𝑀, the gearbox 𝜂𝐺𝐵  and the generator 𝜂𝐺 , thus the 

electrical power of the motor is: 

 𝑃𝑒𝑙𝑒𝑐 = 𝑃𝑚 · 𝜂𝑀 · 𝜂𝐺𝐵 · 𝜂𝐺  (48) 

With these assumptions and the following parameter values taken from other studies an 

approximation of the possible energy generation has been done: 

𝑪𝑳 𝟏, 𝟓 

𝑪𝑫 0,04 

𝑪⊥ 1 

𝑨 500 𝑚2 

𝒎 850 𝑘𝑔 

𝝆𝒂𝒊𝒓 1,23 
𝑘𝑔

𝑚3⁄  

𝒛𝟎 10 𝑚 

𝒅 0,07 𝑚 

𝝆𝒕𝒆𝒕𝒉𝒆𝒓 1450 
𝑘𝑔

𝑚3⁄  

𝜶 0,3 

𝝑∗ 28 ° 

𝒈 9,81 𝑚
𝑠2⁄  

𝜼𝑴 20 % 

𝜼𝑮𝑩 90 % 

𝜼𝑮 95 % 

TABLE 8. FIXED PARAMETERS FOR THE KITE-MODEL FROM [55] 
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With the variable parameters, which do not depend on wind speed: 

𝒓 𝟗𝟑𝟓 𝒎 

𝒛 438,98 𝑚 

𝝁 5,5803 
𝑘𝑔

𝑚⁄  

𝑮𝒆 20,625 

𝒌𝟎 63,021 

𝑭𝒈𝒓𝒂 3,9147 𝑘𝑁 

𝝎𝒄
∥ 24,031 𝑘𝑁 

TABLE 9. VARIABLE PARAMETERS OF THE KITE-MODEL 

A mean mechanical power of 307,9MW is generated for a phase of generation of one kite, 

which gives an electrical output of around 5,2MW. Comparing with results obtained from 

different studies as in [56] were a 500m2 kite it is estimated to obtain between 2 MW with 

a wind speed of 9m/s, and up to 1000MW with a so-called “carousel configuration”, 

involving 100 kites, and a wind speed of 12 m/s. 

The amount of electricity generated by the system and the hours of production in a year 

are taken into account for the calculation of the 𝐴𝐸𝑃 (Annual Energy Production). 

From the Finnish Meteorological Institute [57] the most recent hourly wind speed data 

for one year (from 1/5/2019 to 1/5/2020) have been taken in the location of Tapiola 

(Espoo), which is the closest to the Kera area. As these data are from ground level 𝑉0, 

applying the expression of the wind profile as a function of height and with reference 

values of 𝑧0 = 10𝑚, 𝑧 = 439𝑚 and 𝛼 = 0.3 the following wind speed profile per hour 

is obtained and the wind speed frequency has been generated to determine the average of 

speed obtained. The data taken in 𝑧0are showed as the orange graph, and data generated 

in 𝑧 altitude as the blue graph.  

 

FIGURE 27. HOURLY WIND SPEED FOR A YEAR IN TAPIOLA 
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FIGURE 28. WIND SPEED DISTRIBUTION IN TAPIOLA 

Taking into account the power curve of the wind generation systems, and assuming a cut-

in speed of 8m/s and a cut-out speed of 26m/s (these are typical average values), it is 

obtained that the kite system can be operating the 74% of the time in a year, which means 

6389h of the 8616hours/year of the acquired data.  

 

FIGURE 29. WIND POWER PRODUCTION PROFILE 

It should also be taken into account that during the recovery phase, part of the energy 

produced is consumed to roll up the tether, so during this time the system is not producing 

but consuming. It is taken from [58] that the energy consumed is less than 20% of that 

produced during a generation phase and according to the example in the following graph 

from [59], which shows the mechanical power generated and consumed for a specific kite 

system as a function of time. It can be assumed that the time of a period used for the 

recovery is around the 10% and 15%. 
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FIGURE 30. KITE-SYSTEM PRODUCTION AND CONSUMPTION OF ENERGY 

With these assumptions, the kite system is considered to be generating electricity for 5750 

hours a year which means the 66,7% of the time. 

A dynamical model for the system has been done in order to determine the hourly energy 

generation in a year, depending on the wind speed. According to the wind distribution for 

a year, the electrical power is calculated for each range of wind speed and also the total 

amount all over the year. 

 

FIGURE 31. HOURLY AND ANNUAL POWER GENERATED FOR EACH WIND SPEED 
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From a time perspective, power generation is constantly changing due to the change in 

wind speed, as seen in the graph below, which shows hour by hour over a year, the power 

generation according to wind speed at each moment in blue, and accumulated power in 

orange. Depending on the system’s working speed range, between 8 and 26 m/s, a 

maximum generation of 60MW/h is shown and a total amount of 70157 MWh at the end 

of the year. 

 

FIGURE 32. HOURLY AND ANNUAL POWER PRODUCTION PER HOUR FOR A YEAR 

 

The Annual Energy Production is then 68880 MWh, which for the 5751 hours of work 

through the year it means a production of 11,97MW 

For a kite off-shore system, the same methodology has been followed as before. The wind 

data is taken the same dates but from the observation station “Helsinki Helsingin 

majakka” located 20-30 km into the sea, and shows a wind distribution as follows, being 

the 𝑧0values showed as the orange graph, and data generated in 𝑧 altitude as the blue 

graph: 
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FIGURE 33. WIND SPEED DISTRIBUTION OFF-SHORE 

 

FIGURE 34. HOURLY WIND SPEED FOR A YEAR OFF-SHORE 

It is observed the effect of the power exponent 𝛼, which has been changed to 0,1, and 

shows that due to the smoother surface of the sea the wind profile does not change with 

the height as much as in urban areas. So, the kite can be located to lower altitudes and 

thus the amount of tether needed is lower. 

Assuming the same parameter for the kite system (dimensions and working speed ranges) 

the working hours in a year decrease to 5228 being the 60,7% of the time, which reduces 

the AEP.  
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5.2.1 REDIMENSIONED KITE 

First simulation was done with parameters taken from other studies [55], in function of 

these the dimensions of the kite system have been modified, as it has been considered that 

a 500 m2 kite near a residential area is not adequate and the difficulty of building a kite 

system of such large dimensions. 

The modified system consists in a kite of 50 m2 with a mass of 85kg, which generates and 

electric power of 1,2 MW, which are generation values closer to those obtained with the 

other technologies. 

 

5.3 GEOTHERMAL SYSTEM 

In the Nordic countries, geothermal systems for heat extraction are divided according to 

the type of source from which is taken: deep source or shallow source. The difference 

between the systems are the depth below the ground surface to achieve hot temperatures, 

which depends on the precedence of these heats, and their next use. Deep geothermal 

sources are generated from the heat coming from the centre of the Earth mainly and their 

use can be for both heating and power production. On the other hand, shallow systems 

use the heat from solar energy stored in the ground and are used for heating and cooling. 

[60] 

 

FIGURE 35. GEOTHERMAL SYSTEMS IN THE NORDIC COUNTRIES 

Finland is part of the Fennoscandian Shield whose bedrock consists of Precambrian 

sediments covered by a thin layer, less than 5m, of Quaternary sediments with a thick 

lithosphere, about 150 and 200 km. While the average continental heat flux is of 0,065 

W/m2 Finland’s heat flux is 0,037 W/m2 with a geothermal gradient ranging from 8 to 15 

K/km, higher in the south of the country and lower in the north, and an average thermal 

conductivity of 3,24 W/mK. Thus, with a surface temperature of 2ºC to 5ºC, it is expected 

to reach, in the south area, temperatures between 100 and 120 ºC in depth of 6 to 8 km. 

[13] 

Although the characteristics are not the most optimal for their use, geothermal systems 

have become more important as they are an efficient and environmentally beneficial 

renewable energy source and different from solar and wind generation systems, its heat 
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production is constant, which makes the use of shallow systems combined mostly with 

heat pumps, more appropriate. [61] 

Geothermal systems can be open or closed loop. Open loop systems use two wells where 

one is used for injection, where cold water is injected, and the other for production, where 

hot water comes out. The working principle is that the cold water injected pushes the hot 

water from the aquifer that comes out of the production well. Closed loop systems use a 

well where a U shaped pipe circulates the water that absorbs the heat from the ground or 

the aquifer. 

 
FIGURE 36. CLOSED LOOP AND OPEN LOOP SYSTEM 

 

The model studied is a closed loop system combined with a heat pump or a heat exchanger 

as shown in the picture below. Depending on the depth of the well, the temperature 

reached will vary and therefore the temperature of the outgoing water will be different, 

therefore to reach the temperature levels for heating the house, if the temperature levels 

are sufficient, a heat exchanger will be used and in case the temperature levels have to be 

risen, a heat pump will be used.  
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FIGURE 37. GEOTHERMAL SYSTEM COMBINED WITH A HEAT PUMP. FROM  [62]  

 

 
FIGURE 38. GEOTHERMAL SYSTEM COMBINED WITH A HEAT EXCHANGER 

 

The following graphic shows the approximate temperature as the depth increases 

according to the geothermal characteristics shown before, imposing a ground temperature 

of 5ºC. 

 𝑇𝑤𝑒𝑙𝑙 = 5 + (15 · 𝑑𝑒𝑝𝑡ℎ) (49) 
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FIGURE 39. TEMPERATURE ACCORDING TO THE DEPTH 

The purpose of absorbing the heat in this project is to use it in a Low Temperature District 

Heating Network, which as explained above, the water temperature levels for the houses 

are not as high as with other systems, rounding off between 50 and 70 ºC. Taking this into 

account, the use of heat pumps in the geothermal system will be necessary for wells with 

a depth of up to 4,2 km approximately, while for depth’s above, the water temperature is 

higher than necessary so only a heat exchanger will be needed. 

In the case of the heat pump, as far as the characteristics of the system are concerned, a 

suitable refrigerant is the so-called R-717 [63] which is commonly used heat pumps 

systems and is used for heating and has a high efficiency working with temperatures 

below 80ºC, which is sufficient to reach the outlet temperature. The cycle followed by 

the refrigerant is a simple one as shown below:  
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FIGURE 40. THERMODYNAMIC CYCLE OF THE REFRIGERANT IN THE HEAT PUMP 

The diagram shows an ideal cycle without heat loss, where Qin is the heat absorbed in the 

geothermal well and Qout is the heat sent to the heating network. 

The assumptions taken to determine the cycle are: 

- Difference of pressure (between states 3 and 4 with states 1 and 2) of 2 bars 

- Pressure in states 1 and 2 are the same, as for states 3 and 4 

- States 1 and 4 have the same enthalpy 

- States 3 and 2 have the same entropy, as the pump follows an isentropic process 

- States 3 and 2 are in vapour phase 

- State 4 is in saturated liquid phase 

- State 1 is in the vapour-liquid phase 

Last assumptions to define the cycle are the working temperatures, which will be imposed 

by the difference of temperatures from the network and the geothermal loop. With the 

Mollier diagram for R-717 the four states can be defined.  

The model described to simulate the system, with both the use of the heat pump or the 

heat exchanger, is a simple one where the common part is the heat flux absorbed from the 

geothermal well, which is defined as follows: 

 𝑄 = �̇�𝑤 · 𝑐𝑝𝑤 · (𝑇𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 − 𝑇𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛)   (50) 

And it is assumed that there is no heat losses through the system, so all heat absorbed 

from the geothermal well will be the absorbed for the District Heating Network, so 𝑄 =
𝑄𝑖𝑛 for the geothermal - Heat Pump part and 𝑄𝑖𝑛 + 𝐸𝐻𝑃 = 𝑄𝑜𝑢𝑡 for the Heat Pump – 

Network part. 

Where �̇�𝑤 is the water flow through the U shaped pipe, 𝑇𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 is the temperature at 

the well outlet (hot temperature), which is the temperature at the entrance to the heat 

pump or the exchanger, and 𝑇𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 is the temperature at the well entrance (cold 

temperature), which is the same as the temperature at the exit of the heat pump or the 

exchanger. 
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In the case of the heat exchanger, only two water loops are used, that of the geothermal 

well and that of the heating networks, so the heat transferred to the network is defined as: 

 𝑄 = �̇�𝑤_𝑛𝑒𝑡𝑤𝑜𝑟𝑘 · 𝑐𝑝𝑤 · (𝑇ℎ𝑜𝑡 − 𝑇𝑐𝑜𝑙𝑑)   (51) 

In the case of the heat pump, there are three loops: two water loops for the geothermal 

well and the heating network and the heat pump’s refrigerant loop, and considering an 

ideal system, all three can be referred to the refrigerant loop as follows: 

 𝑄𝑖𝑛 = �̇�𝑤 · 𝑐𝑝𝑤 · (𝑇𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 − 𝑇𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛) = �̇�𝑟 · (ℎ2(𝑇2) − ℎ1(𝑇1))   (52) 

 𝑄𝑜𝑢𝑡 = �̇�𝑤_𝑛𝑒𝑡𝑤𝑜𝑟𝑘 · 𝑐𝑝𝑤 · (𝑇ℎ𝑜𝑡 − 𝑇𝑐𝑜𝑙𝑑) = �̇�𝑟 · (ℎ3(𝑇3) − ℎ4(𝑇4))   (53) 

 

Where 𝑇3 − 𝑇4 = 𝑇ℎ𝑜𝑡 − 𝑇𝑐𝑜𝑙𝑑 (54) and 𝑇2 − 𝑇1 = 𝑇𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 − 𝑇𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 (55).  

 

FIGURE 41. GEOTHERMAL TO NETWORK MODEL 

From the District Heating Network side, taking the water mass flow coming from the 5G 

poles of 11,873kg/s, an outlet temperature of 𝑇ℎ𝑜𝑡 = 60º𝐶 and an inlet temperature of 

𝑇𝑐𝑜𝑙𝑑 = 25º𝐶 the heat needed is of 1731,8 kW. As the hot demand temperature is less 

than 70ºC, the combined system with a heat pump is studied. 

The defined states of the heat pump cycle are taken from the Mollier diagram, and it is 

determined that the refrigerant mass flow rate is 1,4 kg/s. 

State 1 2 3 4 

Temperature [ºC] 16 45 60 25 

Enthalpy [kJ/kg] 317 1554 1586 317 

TABLE 10. THERMODYNAMIC STATES OF THE HEAT PUMP LOOP 

The temperature in states 3 and 4, has been taken according to the temperature difference 

in the condenser of 35ºC, as a possible cycle, from where the rest of states have been 

determined imposing a pressure difference of 2 bar (between 10 and 8 bars). 

In the geothermal loop the mass flow of water is determined by 𝑇𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 − 𝑇𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 =

𝑇2 − 𝑇1 (56) with a value of 14,286 kg/s. 
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Finally, knowing the mass flow and the temperature difference in the evaporator, it is 

possible to calculate the depth of the well and the working temperatures for the proposed 

geothermal system.  

As explained above, an important feature of low temperature systems is the reduction of 

heat losses compared to higher temperature working systems, since there is no boiling of 

water and the insulating materials used for the pipe, heat losses through the well are 

insignificant, so it is possible to disregard them. 

However, [64] shows the relation between specific heat losses and flow rate through the 

pipe in a low temperature system. Accordingly, in low enthalpy systems as the flow rate 

increases the specific heat loss decreases and therefore the heat flux is higher, as shown 

in the figure below. Can be observed the tendency of heat losses to decrease as the flow 

rate and the heat flux increases, so for the system studied, with a heat flux of 1,7MW and 

a mass flow of 14,28kg/s heat losses are not significant. 

 

 
FIGURE 42. HEAT LOSS AS FUNCTION OF FLOW RATE 

 

With no heat losses through the pipe, 𝑇𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 and 𝑇𝑤𝑒𝑙𝑙 are the same and therefore, 

the depth is defined by the expression of the increment of temperature (49): 

𝑇𝑤𝑒𝑙𝑙 = 𝑇𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 5 + (15 · 𝑑𝑒𝑝𝑡ℎ) 

The difference of temperature in the evaporator is of 29ºC, then for a 𝑇𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =

40º𝐶 and 𝑇𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 = 11º𝐶, the depth of the well is of 2,33km. 

 

6. ECONOMIC STUDY 

To economically compare the different methods of energy production, an estimate of the 

Leveraged Cost of Energy (LCOE) is used, which gives the unit cost of the energy 

produced.  

The LCOE is calculated as the total costs per year over the life of the system divided by 

the generation per year, and according to [65] varies by technology, country, energy 
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source, capital and operating costs and the efficiency of the system. The general 

expression is defined as: 

 
𝐿𝐶𝑂𝐸 =

∑
𝐼𝑡+𝑀𝑡+𝐹𝑡

(1+𝑑)𝑡
𝑛
𝑡=1

∑
𝐸𝑡

(1+𝑑)𝑡
𝑛
𝑡=1

  (57) 

Where 𝐼𝑡 are the investment costs, 𝑀𝑡 are the operation and maintenance costs,  𝐹𝑡 are the 

fuel costs and 𝐸𝑡 is the generated electricity, all these parameters expressed for year 𝑡 

since the beginning of the project life for the economic life of the system 𝑛, and taking 

into account the discount rate 𝑑.  

As explained, the costs of renewable systems are different from those of common 

electricity generation systems, since the initial costs may be higher and fuel costs may be 

almost zero, so a simplification on [66] is used: 

 𝐿𝐶𝑂𝐸 =
𝐼𝐶𝐶·𝐶𝑅𝐹+𝑂𝑀𝐶

𝐴𝐸𝑃
  (58) 

Where 𝐼𝐶𝐶 is defined as the Initial Capital Cost, 𝐶𝑅𝐹 as the Capital Recovery Factor, 

𝑂𝑀𝐶 as the Operation and Maintenance Costs and 𝐴𝐸𝑃 as the Annual Energy Production.  

In [67] is defined 𝐶𝑅𝐹 =
1

∑ (1+𝑑)𝑡𝑛
𝑡=1

  (59) where the discount rate is assumed to be the real 

after-tax Weighted Average Cost of Capital (WACC) for a wind project which in the 

report [65] is assumed to be 7,5% for the OECD (Organisation for Economics Co-

operation and Development) countries and China, where Finland is included, and the 

economic lifetime for wind power systems is taken as 25 years.  

For each system an initial economical study has been done according to other studies and 

data to get an idea of the possible costs of it, and after, the same economical model has 

been used to calculate the LCOE in all the system. 

The following figure shows a comparison of the LCOE for different renewable energy 

systems in 2010 and 2019, from the last report of the IRENA of 2019[68].  
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FIGURE 43. LCOE COMPARISON IN 2010 AND 2019 

First part of the economy study has been the calculation of the LCOE for the fuels per 

separate, as it will be needed to calculate the LCOE for each scenario. Three different 

methods have been used to verify its feasibility: First one, are independent methods for 

each fuel according to its characteristics, then it has been calculated using the same model 

for all the fuels, so the same parameters are considered for each. Finally, it has been taken 

the generals values from last report of IRENA 2019 [68], for different technologies. 

These calculations have been done for the systems modelled (kite, biomass and 

geothermal) and for the rest of fuels, the values are taken from other studies. 

 

6.1 FUELS 

6.1.1 INDEPENDENT APPROACH 

6.1.1.1 BIOFUEL BOILER 

The calculation of the LCOE is based in general information from other projects and 

studies, since biomass systems have a lot of variable factors that makes the costs of the 

plant differe. The most siginificant parameters defined in [68] are the type and supply of 

the feedstock, the conversion process followed by the plant, and the technology used in 

it.  

Biomass systems cost have a notable difference with the rest of renewabel systems, since 

the cost of the biomass source it depends on the availability, the cost of it, the amount 

needed and the transportation and storage costs, while for other systems as wind, solar or 

hydro, this cost practically does not exists. Another important factor affecting on the costs 

is the location and the sources avilable on the region. The total cost of feedstock has a 

share of aboute the 20% and 50% of the total LCOE. 

From [69] and [70], an approximation of the costs for a biomass boiler of 1480,3kW of 

capacity has been determined. With an average cost for a only biomass boiler of 25kW 

of 7198€ in the Scandinavia countries and being that the 65% of the total initial price, the 

35% left belongs to instalation and other costs, therefore the cost of the boiler and its 

installation will be of 655705.  The initial components costs in overall taken from 
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literature from other studies is determined in 750€/kW. As for the diversity of fuel that 

can be used, an average of its cost is taken from [71] of 20€/MWh, and a fuel handling 

costs of between 330€/kW taken from literature from earlier studies. 

In another hand, the total initial capital costs for a biomass plant of that dimensions is 

averaged from data of [72] and [73] as 3107,3€/kW. The capacity factor is averaged in 

81% from [68] as well as for the operation and maintenacne costs, which are defined to 

be between 2% and 6% of the initials for fixed costs, and 0,0045€/kWh for the variables. 

The Capital Recovery Factor has been calculated as with the other systems, with a 

discount rate of 7,5% and an expected life of 25 to 30 years as 𝐶𝑅𝐹 =
𝑖(1+𝑖)𝑁

(1+𝑖)𝑁−1
 (60). With 

these parameters, the approximate costs are: 

 
𝐿𝐶𝑂𝐸 =

𝐼𝐶𝐶 · 𝐶𝑅𝐹 + 𝑂𝑀𝐶

𝐴𝐸𝑃
 (61) 

 

 

 

 

 

 

 

 

6.1.1.2 KITE SYSTEM 

For the 𝐼𝐶𝐶, a simplification of [74] is used in which an estimation of costs from different 

prototypes is taken. The costs are divided into groups of components and approximated 

assuming that the price is proportional to the design parameters. The groups and 

parameters used for each of them are the following: 

Group Component Specific costs Cost function 

1 Kite 276 €
𝑚2⁄  𝐴 · 276 

2 Tether 309850 €
𝑚3⁄  𝑟 · 𝑑 · 309850 

3 
Control and monitoring 

system 
110 €

𝑘𝑊⁄  𝑃𝑒 · 110 

4 Electrical system 46 €
𝑘𝑊⁄  𝑃𝑒 · 46 

5 Mechanical drive train 129 €
𝑘𝑊⁄  𝑃𝑒 · 129 

TABLE 12. COST FUNCTION FOR KITE-SYSTEM 

 

 The 𝑂𝑀𝐶 costs are divided in: 

- Fixed Costs: Counts the annual cost per machine and are approximated in [65] to 

be 40€/kW in Finland for onshore wind systems, which for a typical kite system 

𝑰𝑪𝑪  𝟒, 𝟔 𝐌€ 

𝑶𝑴𝑪  231258 € 

 𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒 47269 € 

 𝐹𝑖𝑥𝑒𝑑 183989 € 

𝑨𝑬𝑷  10504 MWh 

 𝑊𝑜𝑟𝑘𝑖𝑛𝑔 ℎ𝑜𝑢𝑟𝑠 7096 h 

𝑪𝑹𝑭  8,97% 

𝑳𝑪𝑶𝑬 
 

𝟔𝟏, 𝟐𝟗 €
𝑴𝑾𝒉⁄  

TABLE 11. SUMMARY OF COSTS FOR THE BIOMASS BOILER 
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producing between 50 and 55 MW, these is estimated to be between 2M€ and 

2.2M€ per year and per machine. In the case of kite systems, these are less 

complex and so easier to repair, thus the fixed cost of maintenance are lower than 

in normal wind generation systems as wind turbines, from [75] a mean value of 

22275 €/year·machine is taken. 

- Variable Costs: Counts the cost per energy produced during a year, in [75] 

considers a range of costs between 5 and 10€/MWh, while in [65] it considers to 

be between 18 and 28€/MWh, this cost is counted to cover possible failures that 

may appear according to their production. 

The summary of costs for the two-dimension kite system (500 and 50 m2) are shown 

below: 

 

 

According to [66], the LCOE of these new systems was estimated to be between 10 and 

50 €/MWh as in [56], where it is explained that being a new system the costs are 

approximations taken from assumptions but, the simplicity of the system compared to the 

other wind generation systems could lead to lower initial costs, since the technology used 

is much simpler and the installation does not require as much as in wind turbine systems, 

and furthermore this makes the operation and maintenance activities easier and requires 

less specific knowledge, thus reducing these. 

The study economical study for off-shore system is taken from to the report of 2019 of 

IRENA [68], the LCOE in onshore wind technologies rounds between 35 and 98 €/MWh 

with an average of 47,17 €/MWh, and for offshore wind technologies it goes from 77 to 

133 €/MWh with an average of 102,35 €/MWh, which means more than the double of the 

average for onshore systems, specifically 2,17 times higher. 

In other hand, the fact that the system is working in the middle of the sea affect in the 

ICC due to the materials have to be more resistant to corrosion and to the higher wind 

speed and gusts, and a support system to float on the water must be installed. Also the 

   500m2 50m2 

𝑨𝑬𝑷  ∑ 𝑃𝑒
ℎ⁄

5750

ℎ=0

 𝟔𝟖𝟖𝟕𝟗, 𝟑𝟎 𝑴𝑾𝒉 𝟔𝟖𝟖𝟕, 𝟗𝟑 𝑴𝑾𝒉 

 𝑃𝑒 𝐴𝐸𝑃
5751⁄  11,98 𝑀𝑊 1,19 𝑀𝑊 

𝑰𝑪𝑪  
𝐶𝐾𝑖𝑡𝑒 + 𝐶𝑇𝑒𝑡ℎ𝑒𝑟 + 𝐶𝐶𝑡𝑟𝑙𝑀𝑜𝑛𝑖𝑡 

+𝐶𝐸𝑙𝑒𝑐𝑆𝑦𝑠𝑡 + 𝐶𝑀𝑒𝑐𝑆𝑦𝑠𝑡 
𝟐𝟑, 𝟖𝟑 𝑴€ 𝟐, 𝟑𝟖 𝑴€ 

 𝐶𝐾𝑖𝑡𝑒 𝐴 · 276 138000 € 13800 € 

 𝐶𝑇𝑒𝑡ℎ𝑒𝑟 𝑟 · 𝑑 · 309850 20,28 𝑀€ 2,03 𝑀€ 

 𝐶𝐶𝑡𝑟𝑙𝑀𝑜𝑛𝑖𝑡 𝑃𝑒 · 110 1317668 € 131766 € 

 𝐶𝐸𝑙𝑒𝑐𝑆𝑦𝑠𝑡 𝑃𝑒 · 46 551025 € 55102 € 

 𝐶𝑀𝑒𝑐𝑆𝑦𝑠𝑡 𝑃𝑒 · 129 1545265 € 154526 € 

𝑶𝑴𝑪  22275 + 7 · 𝐴𝐸𝑃 𝟓𝟎𝟒𝟒𝟑𝟎 € 𝟕𝟎𝟒𝟗𝟏 € 

𝑳𝑪𝑶𝑬  𝐿𝐶𝑂𝐸 =
𝐼𝐶𝐶 · 𝐶𝑅𝐹 + 𝑂𝑀𝐶

𝐴𝐸𝑃
 𝟑𝟑, 𝟐𝟕 €

𝑴𝑾𝒉⁄  𝟑𝟔, 𝟏𝟖 €
𝑴𝑾𝒉⁄  

TABLE 13. SUMMARY OF COSTS FOR THE KITE-SYSTEM 



47 
 

OMC is increased due to the extra difficulties presented when working on the water and 

could be necessary specialized workers.  

Taking the assumption that the LCOE in off-shore systems is 2,17 times higher than for 

on-shore systems and using a simplification of the expression for it as follows: 

 
𝑳𝑪𝑶𝑬 =

𝑰𝑪𝑪 · 𝑪𝑹𝑭 + 𝑶𝑴𝑪

𝑨𝑬𝑷
≈

𝑪𝒐𝒔𝒕𝒔

𝑨𝑬𝑷
 (62) 

It is determined the LCOE and global costs for an off-shore kite system, for two systems 

generating the same amount of electrical power with a kite of 500 m2. 

 

 

 

6.1.1.3 GEOTHERMAL SYSTEM 

The LCOE for this system is calculated the same way as in the other scenarios, using the 

expression 𝐿𝐶𝑂𝐸 =
𝐼𝐶𝐶·𝐶𝑅𝐹+𝑂𝑀𝐶

𝐴𝐸𝑃
 (61). 

According to [68] and [65] geothermal plants, as mostly the rest of renewable systems, 

have high capital costs but low and predictable operation and maintenance costs. The 

average LCOE for geothermal projects in 2019 was of 65€/MWh and following the 

tendency since 2007, it is expected to fall to 45€/MWh in the following years if the current 

projects achieve their goals. 

The initial costs considered for it calcul are: 

- Exploration and resource assessments  

- Drilling and additional working capital for the wells construction 

- Field infrastructure and geothermal fluid 

- Project development and grid connection 

An approximated model for the completed cost calculation of the well drilling is taken 

from [76] described as function of the depth of the well d in meters, and the cost is given 

in millions of €: 

 𝐶𝑤𝑒𝑙𝑙 = 1.54 · 10−7 · 𝑑2 + 2.05 · 10−3 · 𝑑 − 0.55 (63) 

 

ON-SHORE 

𝑪𝒐𝒔𝒕𝒔 𝐼𝐶𝐶 · 𝐶𝑅𝐹 + 𝑂𝑀𝐶 2,29 M€ 

𝑨𝑬𝑷 𝑃𝑒 · 5751 68879,30 𝑀𝑊 

𝑳𝑪𝑶𝑬 𝐿𝐶𝑂𝐸 =
𝐼𝐶𝐶 · 𝐶𝑅𝐹 + 𝑂𝑀𝐶

𝐴𝐸𝑃
 𝟑𝟑, 𝟐𝟕 €

𝑴𝑾𝒉⁄  

TABLE 14. ON-SHORE COSTS 

OFF-SHORE 

𝑪𝒐𝒔𝒕𝒔 𝐶𝑜𝑠𝑡𝑠 = 𝐿𝐶𝑂𝐸 · 𝐴𝐸𝑃 4,52 M€ 

𝑨𝑬𝑷 𝑃𝑒 · 5228 62579,16 MWh 

𝑳𝑪𝑶𝑬 𝐿𝐶𝑂𝐸 = 𝐿𝐶𝑂𝐸𝑂𝑛 · 2.17 𝟕𝟐, 𝟐𝟎 €
𝑴𝑾𝒉⁄  

TABLE 15. OFF-SHORE COSTS 
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The value obtained is 5,06 million of € for the construction of the well, and according to 

the last publication of IRENA (2019) [68], the average of the total installed costs for 

geothermal plants is 3485€/kW. This amounts to total costs of 6,035 million of €. 

Also, is taken into account the study [77], which determine the initial costs for the 

construction of a geothermal plant taking, considering per separate surface and subsurface 

costs. This gives an initial costs of components of 1440€/kW. 

While for operation and maintenance costs in geothermal systems are higher than in other 

renewable systems, this is due to the fact that the pressure of the reservoir over time 

decreases and so heat production, and also due to the difficulty of access at great depth. 

These costs are evaluated at 102€/kW per year, which means 176643,6 € per year, 

including fixed and variable costs. 

The capacity factor is between 60% and 90% [68], which for a 1731,8kW plant is 

approximately of 70%, so the plant will be producing for 6132 hours per year and will 

produce 10,62 GWh. 

Finally, the Capital Recovery Factor is defined as 𝐶𝑅𝐹 =
𝑖(1+𝑖)𝑁

(1+𝑖)𝑁−1
, where i is the discount 

rate  (also known as the average cost of capital WACC), which as for other systems in 

Europe is set at 7,5%, and N is the expected lifetime of the plant, which is about 25 and 

30 years. These gives a value of 8,97%. 

Therefore, the LCOE summary is: 

  

𝐿𝐶𝑂𝐸 =
𝐼𝐶𝐶 · 𝐶𝑅𝐹 + 𝑂𝑀𝐶

𝐴𝐸𝑃
 

     

 

 

 

With a LCOE of 67,61 €/MWh the system proposed 

is below the average of cost per energy recorded by 

IRENA in 2019 for geothermal plants: 

 

 

 

 

 

 

 

 

𝑰𝑪𝑪  𝟔, 𝟎𝟑𝟓 𝐌€ 

𝑪𝑹𝑭  8,97% 

𝑶𝑴𝑪  176643,6 € 

𝑨𝑬𝑷  10619,4 MWh 

𝑳𝑪𝑶𝑬  𝟔𝟕, 𝟔𝟏 €
𝑴𝑾𝒉⁄  

 
FIGURE 44. LCOE AVERAGE FOR 

GEOTHERMAL PLANTS FROM [68] 

 

TABLE 16. SUMMARY OF COSTS FOR GEOTHERMAL SYSTEM 
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6.1.2 COMPARATIVE MODEL 

To compare the LCOE of the different systems the same model is used, so the parameters 

that affects the calculation for each one affects in the most similar way in all of them. 

The cost parameters are divided in Total Direct Capital Costs (TDCC) and Total Indirect 

Capital Costs (TICC), which are practically the same in all the systems. The parameters 

considered are the following: 

TDCC €/kW TICC €/kW 

Site improvements 300 
Engineer procure 

construct 
10 

Storage 0 
Project 

miscellaneous 
10 

Fossil backup 0 
Operation and 

maintenance 
5% of TDCC 

Balance of the plant 75 

TABLE 17. FIXED COST PARAMETERS 

The energetic parameters are the variable ones for each system, which are taken from the 

energy model of each technology. These are the Nameplate capacity (Nominal capacity 

of the system), fuel handling, initial components, energy generated, net annual cash 

inflow and fuel cost. The rest of financial parameters are the lifetime of the system, 

considered 25 years, and CRF as 6,5%, which considers the inflation rate and the real 

discount rate.  

From the energetic simulations the energetic parameters are taken, and the following 

results are obtained for the LCOE and Capacity Factor of using the studied fuels: 

 Kite system 

500m2 

Kite system 

50m2 
Biofuel boiler 

Geothermal 

system 

Nameplate 

capacity 
11970 𝑘𝑊 1197 𝑘𝑊 1480,3 𝑘𝑊 1731,8 𝑘𝑊 

Fuel handling 0 €
 𝑘𝑊⁄  0 €

 𝑘𝑊⁄  330 €
 𝑘𝑊⁄  0 €

 𝑘𝑊⁄  

Initial 

components 
1991 €

 𝑘𝑊⁄  1991 €
 𝑘𝑊⁄  750 €

 𝑘𝑊⁄  1440 €
 𝑘𝑊⁄  

Energy 

generated 

68839,5 

𝑀𝑊ℎ
𝑦𝑒𝑎𝑟⁄  

6883,95 

𝑀𝑊ℎ
𝑦𝑒𝑎𝑟⁄  

10504 

𝑀𝑊ℎ
𝑦𝑒𝑎𝑟⁄  

10619,4 

𝑀𝑊ℎ
𝑦𝑒𝑎𝑟⁄  

Net annual 

cash inflow 

2262919 

€
𝑦𝑒𝑎𝑟⁄  

226292 

€
𝑦𝑒𝑎𝑟⁄  

322691 

€
𝑦𝑒𝑎𝑟⁄  

377516 

€
𝑦𝑒𝑎𝑟⁄  

Fuel cost 0 €
𝑦𝑒𝑎𝑟⁄  0 €

𝑦𝑒𝑎𝑟⁄  5,7 𝑀€
𝑦𝑒𝑎𝑟⁄  0 €

𝑦𝑒𝑎𝑟⁄  

LCOE 𝟖𝟔, 𝟒𝟏 €
𝑴𝑾𝒉⁄  𝟖𝟔, 𝟒𝟏 €

𝑴𝑾𝒉⁄  𝟓𝟖, 𝟔𝟔 €
𝑴𝑾𝒉⁄  𝟔𝟐, 𝟖𝟏 €

𝑴𝑾𝒉⁄  

CF 𝟔𝟓, 𝟔𝟒%  𝟔𝟓, 𝟔𝟒%  𝟖𝟏% 𝟕𝟎% 

TABLE 18. VARIABLE COST PARAMETERS 
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6.1.3 COMPARISON  

A summary of the values obtained for the calculation of the LCOE with the two models 

and the average determined by the last report of IRENA from 2019 [68], is shown below: 

 LCOE independent 

model 

LCOE comparative 

model 

LCOE average IRENA 

2019 

Kite 500m2 33,27 €
𝑀𝑊ℎ⁄  86,41 €

𝑀𝑊ℎ⁄  47,17 €
𝑀𝑊ℎ⁄  

Kite 50m2 36,18 €
𝑀𝑊ℎ⁄  86,41 €

𝑀𝑊ℎ⁄  47,17 €
𝑀𝑊ℎ⁄  

Biofuel 61,29 €
𝑀𝑊ℎ⁄  58,66 €

𝑀𝑊ℎ⁄  58,74 €
𝑀𝑊ℎ⁄  

Geothermal 67,61 €
𝑀𝑊ℎ⁄  62,81 €

𝑀𝑊ℎ⁄  64,97 €
𝑀𝑊ℎ⁄  

TABLE 19. COMPARATIVE OF LCOE MODELS 

 

FIGURE 45. GRAPHICAL COMPARATIVE OF LCOE MODELS 

The trend followed by the LCOE for each technology can be observed from a general 

point of view above.  

Due to the newness of the kite system and the lack of data and information during its 

working, its LCOE has a high variation depending on the calculation model used, while 

for the biofuel and geothermal, as these systems are much more used and have been more 

studied, their range of costs according to its production are more accurate, so the values 

obtained with the three methods are in a similar range. 

It can be observed that although the initial costs of a system with small kites are lower 

than with large kites, in general the LCOE is lower for a system with larger kites. Still, it 

should be noted that the difficulty of building a kite system of such large dimension and 

that the difference between the two is not very significant, so it may be a better idea to 

use the system with small kites (50m2). 

 

6.2 SCENARIOS 

To calculate the LCOE for each scenario a combination of fuel and technology is made 

and some parameters are affected. In one hand, the Nameplate Capacity is the capacity of 

the technology used with each fuel. On the other hand, the Net annual cash inflow is 

determined with the hourly electricity spot price in Finland, as the hourly power generated 
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multiplied by the hourly price of the electricity in the market. It has to be noticed that the 

power generated by the photovoltaic, wind turbine and kite system are not constant, but 

the biofuel and geothermal systems are constantly producing the same amount of power 

all the time. Thus, for the non-constant fuels it has to be considered the possibility of 

buying electricity form the market if the generation is not enough, and selling electricity 

to the grid when the generation is over the capacity of the system. 

The technology used are a Heat Pump of 0,3MW of capacity and a Heat Only Boiler of 

1,4802MW (determined by the water mass flow from the poles), which use different 

power systems as fuel and so, the scenarios studied are: 

1- Heat Pump using Photovoltaic power as fuel  

2- Heat Pump using Wind Turbine power as fuel  

3- Heat Pump using a 500m2 Kite system power as fuel  

4- Heat Pump using a 50m2 Kite system power as fuel  

5- Heat Pump using Electricity from the market directly as fuel  

6- Heat Only Boiler using Biomass as fuel  

7- Heat Only Boiler using Electricity from the market directly as fuel  

8- Geothermal system  

The cost of power produced is defined as follows, as the cost of the electricity produced 

by the fuel and the cost of the electricity bought to reach the total capacity of the system: 

 𝐶𝑜𝑠𝑡𝐻𝑃−𝐻𝑂𝐵 = (𝐼𝐶𝐻𝑃−𝐻𝑂𝐵 − 𝑃𝑔𝑒𝑛𝑓𝑢𝑒𝑙) · (𝐸𝑝𝑟𝑖𝑐𝑒 + 𝐸𝑡𝑎𝑥&𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛)

+ (𝑃𝑔𝑒𝑛𝑓𝑢𝑒𝑙 · 𝐿𝐶𝑂𝐸𝑓𝑢𝑒𝑙) 
(64) 

 𝐶𝑜𝑠𝑡𝐺𝑒𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 𝑃𝑔𝑒𝑛𝑓𝑢𝑒𝑙 · 𝐿𝐶𝑂𝐸𝑓𝑢𝑒𝑙 (65) 

 

Where 𝐼𝐶𝐻𝑃 = 0,3𝑀𝑊 and 𝐼𝐶𝐻𝑂𝐵 = 1,4802𝑀𝑊, 𝑃𝑔𝑒𝑛𝑓𝑢𝑒𝑙 is the power generated per 

hour by each fuel in 𝑀𝑊
ℎ⁄ , 𝐸𝑝𝑟𝑖𝑐𝑒 is the price of the electricity market in € 𝑀𝑊ℎ⁄  and 

𝐸𝑡𝑎𝑥&𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 = 32,2 €
𝑀𝑊ℎ⁄  is the tax cost and distribution fee of buying electricity 

from the market. 

The LCOE for Photovoltaic and Wind Turbine system are taken from other studies, as 

these fuels are not studied in this project, and defined as 𝐿𝐶𝑂𝐸𝑃ℎ𝑜𝑡𝑜𝑣𝑜𝑙𝑡𝑎𝑖𝑐 =

92,8 €
𝑀𝑊ℎ⁄  and 𝐿𝐶𝑂𝐸𝑊𝑖𝑛𝑑 𝑇𝑢𝑟𝑏𝑖𝑛𝑒 = 95 €

𝑀𝑊ℎ⁄ . 

In case the power generated by the fuel is larger than the capacity of the system, the extra 

power is sold to the grid at the 𝐸𝑝𝑟𝑖𝑐𝑒 

 𝐸𝑆𝑜𝑙𝑑𝐻𝑃−𝐻𝑂𝐵 = (𝑃𝑔𝑒𝑛𝑓𝑢𝑒𝑙 − 𝐼𝐶𝐻𝑃−𝐻𝑂𝐵) · 𝐸𝑝𝑟𝑖𝑐𝑒 (66) 

In the geothermal scenario, all the power generated is used so there is no electricity bought 

or sold to the grid, and when the electricity is bought directly from the market there is 

neither electricity sold. 

The following table shows the maximum, minimum an average cost of the fuel in each 

scenario and also the total electricity sold in a year.  
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Scenarios Maximum Cost Minimum Cost Average Cost Electricity Sold 

1 73,965 €
ℎ⁄  10,896 €

ℎ⁄  22,947 €
ℎ⁄  200679 €

𝑦𝑒𝑎𝑟⁄  

2 73,965 €
ℎ⁄  10,902 €

ℎ⁄  28,500 €
ℎ⁄  245504 €

𝑦𝑒𝑎𝑟⁄  

3 69,717 €
ℎ⁄  10,896 €

ℎ⁄  25,923 €
ℎ⁄  211258 €

𝑦𝑒𝑎𝑟⁄  

4 69,717 €
ℎ⁄  10,896 €

ℎ⁄  25,923 €
ℎ⁄  209096 €

𝑦𝑒𝑎𝑟⁄  

5 73,965 €
ℎ⁄  10,896 €

ℎ⁄  19,011 €
ℎ⁄  0 €

𝑦𝑒𝑎𝑟⁄  

6 86,834 €
ℎ⁄  86,834 €

ℎ⁄  86,834 €
ℎ⁄  762666 €

𝑦𝑒𝑎𝑟⁄  

7 364,97 €
ℎ⁄  53,764 €

ℎ⁄  93,806 €
ℎ⁄  0 €

𝑦𝑒𝑎𝑟⁄  

8 92,977 €
ℎ⁄  92,977 €

ℎ⁄  92,977 €
ℎ⁄  0 €

𝑦𝑒𝑎𝑟⁄  

TABLE 20. FUEL COSTS FOR EACH SCENARIO 

There is no selling of electricity in scenarios 5, 7 and 8 as these are the scenarios using 

the electricity from the market and the geothermal, which its power production goes 

directly to the network. 

With the fuel costs and the parameters for each scenario determined, it is obtained the 

LCOE for each scenario with the model used before.  

Scenarios 1 2 3 4 5 6 7 8 

Nameplate 

capacity 

kW 

300 300 300 300 300 1480 1480 1732 

Fuel 

handling 

€/kW 

0 0 0 0 0 330 0 0 

Initial 

components 

€/kW 

1000 1000 1000 1000 1000 750 750 1440 

Other 

equipment 

€/kW 

100 100 100 100 100 75 75 144 

Energy 

generated 

MWh/year 

2635,2 2635,2 2635,2 2635,2 2635,2 13000 13000 15214 

Net annual 

cash inflow 

€/year 

3,3𝑀 10,8𝑀 2,2𝑀 2,2𝑀 85507 322691 421922 377516 

Fuel cost 

€/year 
200693 245533 211273 209110 170624 762753 841918 816716 

LCOE 

€/MWh 
𝟏𝟏𝟎, 𝟒 𝟏𝟐𝟕, 𝟒 𝟏𝟏𝟒, 𝟒 𝟏𝟏𝟑, 𝟔 𝟗𝟗, 𝟏 𝟗𝟒, 𝟐 𝟗𝟐, 𝟕 𝟗𝟗, 𝟏 

TABLE 21. VARIABLE COSTS AND LCOE FOR EACH SCENARIO 
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7. CONCLUSION 

As a reminder, the aim of this project is to make a thermoeconomic study of different heat 

generation systems to find out which one is the most suitable for use in a low temperature 

district heating network, using the heat from the LuxTurrim 5G Poles network in 

combination with the chosen renewable source generation system. To this end, energy 

and economic simulations of the proposed systems have been made in order to compare 

them with each other and thus determine the best option. The different study scenarios 

are presented below: 

1- Heat Pump using Photovoltaic power as fuel  

2- Heat Pump using Wind Turbine power as fuel  

3- Heat Pump using a 500m2 Kite system power as fuel  

4- Heat Pump using a 50m2 Kite system power as fuel  

5- Heat Pump using Electricity from the market directly as fuel  

6- Heat Only Boiler using Biomass as fuel  

7- Heat Only Boiler using Electricity from the market directly as fuel  

8- Geothermal system  

Following the summary of the energy and economic results for the scenarios studied is 

shown: 

Scenarios 1 2 3 4 5 6 7 8 

Capacity 

kW 
300 300 300 300 300 1480 1480 1732 

LCOE 

€/MWh 
110,4 127,4 114,4 113,6 99,1 94,2 92,7 99,1 

Cost 

€/h 
33,12 38,22 34,32 34,08 29,73 139,42 137,19 171,64 

TABLE 22. SUMMARY OF CAPACITIES AND LCOE FOR EACH SCENARIO 

It can be observed the capacity, the LCOE and the cost of power production per hour of 

every scenario. Scenarios from 1 to 5, which uses Heat Pumps, have lower capacity than 

in scenarios using Heat Only Boilers (6 and 7) and geothermal heat (8), and the LCOE it 

tends to be lower in those with higher capacity where the lower LCOE is for scenario 7 

followed by scenarios 6, and 5 and 8. Looking in the cost of power production per hour, 

defined as 𝐶𝑜𝑠𝑡 = 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 · 𝐿𝐶𝑂𝐸,  it can be observed that the lower cost is in scenario 

5, which has one of the lowest values for LCOE but also the lowest capacity. 

Although at first sight, looking at the cost per hour, the scenarios using Heat Pumps have 

the lower values, the parameter to keep in mind to compare in an economical and 

energetic way, is the LCOE. It can be observed that the lower LCOE is in scenario 7 

which use Heat Only Boiler with the electricity from the market, followed by scenario 6 

(Heat Only Boiler and biomass) and 5 and 8, which use Heat Pump with electricity from 

the market and Geothermal respectively. Then the rest of Heat Pump technologies are 

followed, being scenario 2 (Heat Pump and Wind Turbines) the most expensive. 

The systems using electricity directly from the market are the lower cost effective, as it 

could be expected, as the electricity in the market has a lower cost than the one generated 

from the scratch. Also it was expected, that most popular fuels as geothermal, biomass 

and photovoltaic were cheaper, as their use has been studied and improved highly during 

the years and the location characteristics are suitable for its use.  
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In the case of wind systems, the use of wind turbines shows the most expensive power 

production even these systems have also been highly improved among the years, and the 

new kite systems, which are still being developed are less expensive. The reason for this, 

could be that wind turbines as their power production has increased their sizes has 

increased too and nowadays, onshore systems can reach half of the Eiffel Tower size 

(175m height) [78]. These huge systems involve high costs of construction and transport, 

in contrast with the kite systems, which their sizes are lower and the transport and start-

up are easier and so, less expensive.  

Finally, looking to the higher heat production at the lowest cost the choice will be the use 

of Heat Only Boilers taking the electricity from the market (scenario 7) or biomass 

(scenario 6) and then geothermal power (scenario 8), and by using Heat Pumps also using 

the electricity from the market (scenario 5). As said above, was to be expected that the 

systems using the electricity from the market were the cheaper, but looking to use new 

fuel supplies, the best option would be the use of biomass as is a very common fuel in 

Finland and geothermal.  
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