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i 

 
“Agglomeration of powerful blues and reds” 1 

 

 
“Collection of bright colours” 2 

 

Something like this could be the names of these pictures. Furthermore, an uninformed 

person could assume that these pictures are abstract art. In reality, these images represent 

alarming facts – the rise in average temperature and the decline in biodiversity. For this 

reason, it is important to increase the awareness of the population and to adapt our 

lifestyle to slow down and reverse these destructive and hostile processes. 

 
1 (Hawkins, 2022) 
2 (ZSL/WWF, 2022) 
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“A transition to clean energy is about making an investment in our future.” 

 

Quote from Gloria Reuben 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Der Umstieg auf saubere Energie bedeutet eine Investition in unsere Zukunft.“ 

 

Zitat von Gloria Reuben 
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Abstract 
In local heating networks and district heating networks, where heat is supplied to heat 

consumers, it is known that different energy sources can be used to generate heat. In 

addition to fossil fuels (such as coal, oil, gas), also renewable energy sources (such as 

biomass, solar energy, geothermal energy, electricity, etc.) can be used. Climate 

protection targets of countries and associations of countries such as the European Union 

will regulate among other things the generation of heat in local and district heating 

networks in the future. The goal of the European Union is the defossilisation and 

decarbonisation of all energy sectors by 2050. Some countries, such as Austria, have 

committed to achieve climate neutrality already in 2040, which means that only 

renewable energy sources can be used for energy generation from then on. For local and 

district heating networks, this will result in challenges that have to be solved on several 

levels. 

 

On the one hand, there will be a strong conversion boom in the space heating sector to 

replace existing heating systems that are based on fossil fuels by renewable heating 

systems. In future, existing heating systems based on coal, oil and gas will be replaced by 

heat pump heating systems, biomass heating systems or local and district heating systems. 

In places where a local or a district heating network already exists, additional households 

will be connected to the local or the district heating system. The strong expansion of the 

existing local and district heating network infrastructure and the construction of new local 

and district heating network infrastructures will increase the demand for heat to operate 

these local and district heating networks. In addition to an increasing demand for heat, 

the heat generation in local and district heating networks must also be transformed to 

renewable energy sources. Nowadays, renewable local and district heat is generated from 

biomass (e.g. wood), solar energy, geothermal energy, heat pumps, renewable waste, 

residual heat, or electricity. 

 

In most local and district heating networks, wood is used to provide renewable heat, 

because the utilization of the other mentioned renewable energy sources is technically 

and / or economically difficult or even impossible. 
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But also, wood as a renewable energy source is limited if the forest is cultivated in a 

sustainable way so that it can be assumed that the generation of renewable local and 

district heat cannot only be based on wood as a biomass source in the future. Instead, it 

can be expected that renewable local and district heat generation will be based on various 

sources in the future. 

 

In the course of this master's thesis, various technologies will be presented that can be 

used to generate renewable local and district heat in existing and growing local and 

district heating networks as well as in local and district heating networks that will be 

erected in the future. A major focus in the master's thesis will be put on the coupling of 

all energy sectors. The sector coupling will be an essential factor in the energy system of 

the future to ensure a reliable and efficient utilization of all renewable energy sources 

despite their volatility. In addition to the presentation of the generation technologies, 

measures to increase the efficiency will be presented. The applicability of the generation 

technologies and the efficiency improvement measures will be analyzed and 

demonstrated based on a technological analysis as well as on a technical and an economic 

calculation. 

 

Finally, the master's thesis should enable the derivation of an optimal system constellation 

(best practice) for local and district heating networks which need to be expanded as well 

as for new local and district heating networks taking into account technical and ecological 

framework conditions. The conclusion will reflect the experience and knowledge that has 

been gained as well as problems that must be solved in future. A future perspective will 

provide a rough forecast on the local and district heating networks of the future. 
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Kurzfassung 
Bei Nahwärmenetzen sowie bei Fernwärmenetzen, welche die Wärmeversorgung für 

Wärmeabnehmer bereitstellen ist bekannt, dass die Wärmeerzeugung mit 

unterschiedlichen Energieträgern erfolgen kann. Neben fossilen Energieträgern (wie zum 

Beispiel Kohle, Öl, Gas) können auch erneuerbare Energieträger (wie zum Beispiel 

Biomasse, Sonnenenergie, Geothermie, Elektrizität, etc.) verwendet werden. 

Klimaschutzziele von Ländern und Staatenverbunden wie zum Beispiel der europäischen 

Union werden zukünftig unter anderem die Wärmeerzeugung in Nah- und 

Fernwärmenetzen reglementieren. Das Ziel der europäischen Union ist die 

Defossilisierung bzw. die Dekarbonisierung aller Energiesektoren bis zum Jahr 2050. 

Einige Länder, wie zum Beispiel Österreich haben sich zum Ziel gesetzt, bereits im Jahr 

2040 Klimaneutralität zu erreichen, was bedeutet, dass ab diesem Zeitpunkt nur mehr 

erneuerbare Energieträger zur Energieerzeugung verwendet werden dürfen. Für Nah- und 

Fernwärmenetze ergeben sich dadurch auf mehreren Ebenen zu lösende 

Herausforderungen.  

 

Einerseits wird es im Raumwärmesektor zu einem starken Umstellungsboom kommen, 

um bestehende fossile Heizsysteme durch erneuerbare Heizsysteme zu ersetzen. 

Bestehende Kohle-, Öl- und Gasheizungen werden zukünftig durch 

Wärmepumpenheizungen, Biomasseheizungen oder Nah- und Fernwärmesysteme ersetzt 

werden. In Orten, in denen bereits ein Nah- oder Fernwärmenetz vorhanden ist, werden 

zusätzliche Haushalte an das Nah- oder Fernwärmesystem angeschlossen. Durch den 

starken Ausbau der bestehenden Nah- und Fernwärmenetzinfrastruktur und die 

Errichtung neuer Nah- und Fernwärmenetzinfrastrukturen wird der Wärmebedarf für den 

Betrieb ebendieser Nah- und Fernwärmenetze steigen. Neben einem steigenden 

Wärmebedarf muss auch die Wärmeerzeugung bei Nah- und Fernwärmenetzen auf 

erneuerbare Energieträger umgestellt werden. Gegenwärtig wird erneuerbare Nah- und 

Fernwärme unter anderem mit Biomasse (z.B. Holz), Solarenergie, Geothermie, 

Wärmepumpen, erneuerbaren Abfall, Abwärme oder Strom erzeugt.  
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Bei einem Großteil von Nah- und Fernwärmenetzen wird Holz zur erneuerbaren 

Wärmebereitstellung verwendet, da die Erschließung der anderen genannten 

erneuerbaren Energieträger technisch und / oder wirtschaftlich schwierig bis unmöglich 

ist.  

 

Aber auch Holz als erneuerbare Energiequelle ist bei nachhaltiger Bewirtschaftung des 

Waldes begrenzt, sodass davon auszugehen ist, dass die Erzeugung von erneuerbarer 

Nah- und Fernwärme nicht nur auf Holz als Biomasse basieren kann. Vielmehr ist zu 

erwarten, dass die erneuerbare Nah- und Fernwärmeerzeugung in Zukunft auf 

verschiedenen Quellen basieren wird.  

 

Im Zuge dieser Masterarbeit werden verschiedene Technologien vorgestellt, mit denen in 

bestehenden und wachsenden Nah- und Fernwärmenetzen sowie in zukünftig zu 

errichtenden Nah- und Fernwärmenetzen erneuerbare Nah- und Fernwärme bereitgestellt 

werden kann. Ein wesentliches Augenmerk soll dabei auf die Kopplung aller 

Energiesektoren gelegt werden. Die Sektorenkopplung wird im Energiesystem der 

Zukunft eine wesentliche Rolle spielen, um eine zuverlässige und effiziente Nutzung aller 

erneuerbaren Energieträger trotz ihrer Volatilität gewährleisten zu können. Neben der 

Vorstellung von Erzeugungstechnologien sollen auch Maßnahmen zur Steigerung der 

Effizienz vorgestellt werden. Die Anwendbarkeit der Technologien bzw. der 

Effizienzsteigerungsmaßnahmen soll auf Basis einer technologischen Betrachtung sowie 

einer technischen und wirtschaftlichen Berechnung analysiert und dargelegt werden.  

 

Abschließend soll die Masterarbeit eine Ableitung einer optimalen Anlagenkonstellation 

(best practice) für zu erweiternde Nah- und Fernwärmenetze als auch für neue Nah- und 

Fernwärmenetze unter Berücksichtigung der technischen und wirtschaftlichen 

Rahmenbedingungen ermöglichen. Die Schlussfolgerung wird die erworbenen 

Erfahrungen und Erkenntnisse als auch die offenen noch zu lösenden Probleme 

widerspiegeln. Ein Zukunftsausblick soll einen groben Ausblick auf die Nah- und 

Fernwärmenetze der Zukunft eröffnen.  
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1 Motivation for the energy transition 
At the beginning of the master's thesis, a short section will be dedicated to the necessity 

of the energy transition and a sustainable lifestyle. 

 

The last few years have highlighted and underlined the importance of the energy transition 

and a sustainable lifestyle on several levels. On the one hand, weather catastrophes 

associated with extreme weather conditions have caused enormous damage and costs. 

The accumulation of these weather disasters is without any doubt linked to the climate 

change. A key parameter that helps to make climate change more visible is the change in 

average temperature. Figure 1 shows the change in the average annual temperature for 

the years 1850 to 2022 in relation to the average temperature from 1971 to 2000. Each 

bar represents the difference between the global average temperature of a year and the 

reference temperature. This figure shows that the average temperature has sharply risen 

in the last 20 years. 

 

 
Figure 1: Global temperature change from 1850 to 2022 3 

 

Now somebody could argue that the increase in the global average temperature only 

results from an increase in temperature in some countries, while the temperature in other 

countries has remained the same or has even fallen. 

 
3 (Hawkins, 2022) 
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This assertion can be refuted with Figure 2. Figure 2 shows the temperature changes in 

all countries from 1901 to 2018. Also in this figure, a dramatic increase of the temperature 

can be noticed. 

 

 
Figure 2: Temperature changes around the world (1901 – 2018) 4 

 
4 (Hawkins, 2019) 



1 Motivation for the energy transition 
 
Implementation, diversification and coupling of different renewable energy sources  
and renewable energy systems in local and district heating networks 

3 

This climate change and the increase in the average temperature can be directly linked to 

the greenhouse gas emissions caused by humans, which include CO2 emissions, CH4 

emissions and N2O emissions. 

 

These greenhouse gases act in a similar way to the glass in a greenhouse. They absorb the 

heat radiated from the earth's surface, trap it in the atmosphere and prevent it from being 

released into the space. The greenhouse effect ensures that it is warmer on earth than it 

would be without it and generally makes life on earth possible at all. Many greenhouse 

gases occur naturally in the atmosphere, and they are also needed to keep this greenhouse 

effect alive to make life possible. However, humans are responsible for the accumulation 

of greenhouse gases in the atmosphere. As a result, the greenhouse effect in the 

atmosphere is intensified and changes the climate of our planet, which can be recognized 

by shifts in snow and rainfall behavior, an increase in average temperatures and extreme 

climate events such as heat waves and floods. 5 

 

Figure 3 shows the global carbon dioxide budget for the year 2023, including all 

anthropogenic emissions and sinks and neglecting all natural emissions and sinks. 

 

 
Figure 3: Global carbon dioxide budget 2023 6 

 
5 Cf. (Europäisches Parlament, 2023) (own translation) 
6 (Friedlingstein, et al., 2023) 
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This figure illustrates that the majority of carbon dioxide emissions result from fossil fuels 

and industry. The carbon dioxide emissions from fossil fuels, industry and land use are 

mostly balanced by sinks. Here it can be recognized that the sinks in the form of land and 

water cannot absorb all carbon dioxide emissions, which results in an accumulation of 

carbon dioxide in the atmosphere. This increasing concentration of carbon dioxide in the 

atmosphere further accelerates the climate change, especially as carbon dioxide is a 

greenhouse gas. 

 

To identify a potential link between climate change – the increase of the average 

temperature – and anthropogenic carbon dioxide emissions, a longer-term perspective on 

the carbon dioxide balance is required. Figure 4 shows the annual and cumulative carbon 

dioxide emissions and carbon dioxide sinks from 1850 to 2023. This figure shows an 

increase in fossil carbon dioxide emissions from the beginning of industrialization and a 

strong, continuous increase in fossil carbon dioxide emissions from around 1950. 

 

 
Figure 4: Annual and cumulative carbon dioxide emissions and sinks 1850 – 2023 7 

 

Figure 2 and Figure 4 show that the anthropogenic carbon dioxide emissions and the 

climate change – the increase of the average temperature – show a similar trend. As 

already mentioned, there are also other emissions in addition to carbon dioxide emissions 

that are responsible for climate change, such as methane and nitrous oxide. 

 
7 (Friedlingstein, et al., 2023 p. 5320) 
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Figure 5 shows the global methane budget for one year, based on the average from 2008 

to 2017, including all anthropogenic and natural emissions and sinks. From this figure it 

can be derived that the largest methane emissions result from the production and use of 

fossil fuels, as well as from agriculture and waste. The different types of modelling such 

as "Bottom-up view (BU)" and “Top-down view (TD)" lead to different results. The 

interested reader is referred to the relevant literature for the explanation. 

 

 
Figure 5: Global methane budget 2008 – 2017 8 

 

In addition to anthropogenic carbon dioxide emissions and anthropogenic methane 

emissions, greenhouse gas emissions from humans also include nitrous oxide emissions 

and other emissions (fluorinated greenhouse gases). 

 

Figure 6 shows the global nitrous oxide budget for one year, based on the average from 

2007 to 2016, including all anthropogenic and natural emissions. This figure shows that 

the largest nitrous oxide emissions are caused by agriculture, but also the sector of fossil 

fuels and the industry are responsible for a large amount of nitrous oxide emissions. To 

be able to compare the various emissions, it is necessary to evaluate the greenhouse effect 

of the different gases. This can be carried out with the global warming potential (GWP). 

 
8 (Saunois, et al., 2020), (Jackson, et al., 2020) 
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Figure 6: Global nitrous oxide budget 2007 – 2016 9 

 

The GWP factor (Greenhouse Warming Potential / Global Warming Potential) represents 

the global warming potential of a substance compared to CO2. It indicates the extent of 

contribution to the direct greenhouse effect compared to CO2 over an agreed time horizon 

for 20 (GWP-20), 100 (GWP-100) or 500 years (GWP-500). 10 Table 1 shows the global 

warming potential (GWP) for selected species for different time horizons. 

 

Table 1: Global warming potential (GWP) for selected species 11 

Species GWP-20 GWP-100 GWP-500 

CO2 1,0 1,0 1,0 

CH4-fossil 82,5 ± 25,8 10,0 ± 3,8 13,2 ± 6,1 

CH4-non fossil 79,7 ± 25,8 27,0 ± 11 7,2 ± 3,8 

N2O 273 ± 118 273 ± 130 130 ± 64 
 

In Table 1, no fluorinated gases were listed that could have GWP values of over 2.000. 12 

 
9  (Tian, et al., 2020) 
10 Cf. (Keller, et al., 2021 pp. 68-70) (own translation) 
11 Cf. (Forster, et al., 2021 p. 1017), Cf. (Ritchie, et al., 2023) 
12 (Keller, et al., 2021 p. 74) 
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The combination of the annual carbon dioxide emissions, the annual methane emissions,

and the annual nitrous oxide emissions with their global warming potential results in the

greenhouse gas emissions in carbon dioxide equivalents. Figure 7 shows the greenhouse

gas emissions in carbon dioxide equivalents for the years 1850 to 2021.

Figure 7: Greenhouse gas emissions from all sources in carbon dioxide equivalents 13

This figure shows that the carbon dioxide emissions have the strongest influence on the

greenhouse effect, although the different impacts of the greenhouse gases have been

considered. The reduction of carbon dioxide emissions is without any doubt the most

important objective for climate protection, but also the reduction of methane emissions

and the reduction of nitrous oxide emissions make an important contribution to climate

protection. These facts and figures can be used to derive the following effective

approaches for climate protection:

• Reduction of carbon dioxide emissions by avoiding fossil fuels

• Reduction of methane emissions by avoiding fossil fuels and adapting agriculture

(e.g. reducing livestock farming and adapting crops)

• Reduction of nitrous oxide by avoiding fossil fuels and adapting agriculture

(e.g. reducing fertilization)

13 (Ritchie, et al., 2020), (Jones, et al., 2023)
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From these points it is obvious that avoiding fossil fuels supports the reduction of carbon 

dioxide emissions, the reduction of methane emissions and the reduction of nitrous oxide 

emissions. Nevertheless, the other mentioned measures are also important points for 

climate protection. 

 

In addition to the aspect of climate protection, there is another point that represents an 

incentive to change the energy system. Without discussing the reasons in detail, it can be 

mentioned that the COVID pandemic and the conflict between Russia and Ukraine 

resulted in a sharp increase in energy prices. As a result of these invasive events, the 

majority of the population realized for the first time that our society is highly dependent 

on fossil fuels from abroad. Figure 8 visualizes the price indices for various energy 

sources used in Austria for the years 2010 to 2023. In this figure, all price indices are 

related to the index from 1 January 2010. For this reason, this figure does not show the 

energy prices over time, but rather the development of the energy prices over this period. 

It can be seen that energy prices have risen sharply due to the COVID pandemic and the 

conflict between Russia and Ukraine, especially for fossil natural gas and electricity due 

to the merit order principle. 

 

 
Figure 8: Price indices of various energy sources from 2010 to 2023 14 

 
14 (Köck, 2023), (Österreichische Energieagentur, 2024a), (Österreichische Energieagentur, 2024b),   
    (proPellets Austria, 2024), (Statistik Austria, 2024) 
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2 Introduction 
The target of the European Union is the defossilization and decarbonization of all energy 

sectors by 2050, while Austria has set the target to achieve climate neutrality by 2040, so 

that only renewable energy sources can be used for energy generation from then on. In 

addition to the legal requirements that are designed to achieve climate neutrality, the 

energy transition is necessary to achieve independence from fossil fuels from abroad and 

to ensure a resilient and secure energy supply in the future. The majority of the energy 

consumed in Austria, the so-called gross domestic consumption, can be attributed to fossil 

fuels. For Austria, the transformation of the energy system is a mammoth task due to the 

current strong dependence on fossil fuels from abroad. 15 

 

Figure 9 shows the gross domestic consumption in petajoules for Austria for the period 

from 2005 to 2022. Furthermore, the figure shows the structure of the gross domestic 

consumption of around 1.355 petajoules for the year 2022, according to the shares of 

energy sources. The gross domestic consumption is defined as the sum of the domestic 

primary energy production, the imports, and the reductions in stock minus the sum of the 

exports and the increases in stock. This figure highlights the fact that more than half of 

the gross domestic consumption was and is still based on fossil fuels. It is also worth 

mentioning that the gross domestic consumption has mostly stabilized in recent years. 16 

 

 
Figure 9: Gross domestic consumption by energy source in petajoules and percent 17 

 
15 Cf. (BMK, 2023a), Cf. (BMK, 2023b) 
16 Cf. (BMK, 2023b pp. 10-12), Cf. (BMK, 2023c p. 2) 
17 (BMK, 2023b p. 12) (own translation) 
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Although not shown in Figure 9, it is remarkable that the share of renewable energies in 

Austria is almost twice as high as the average across the European Union. 18 

 

In Figure 10 the composition of the energy imported from foreign countries is shown by 

energy source for the period from 2005 to 2022 as well as the percentage shares of the 

energy sources in the imported energy for 2022. The imported energy of approximately 

1.184 petajoules consisted of about 98 percent fossil fuels, assuming that the imported 

electrical energy is generated from fossil fuels. Even if the imported electrical energy was 

generated from renewable energy sources, still 89 percent of the imported energy 

consisted of fossil fuels. 19 

 

     
Figure 10: Energy imports by energy source in petajoules and percent 20 

 

For the primary energy that could be harvested and produced directly in Austria, the 

picture is completely different compared to the imported energy. In Figure 11 the 

domestic primary energy production by energy source for the period from 2005 to 2022 

and the percentage shares of the energy sources in the domestic primary energy 

production for 2022 are shown. This domestically harvested and generated energy, which 

was approximately 508 petajoules in 2022, consisted of 86 percent renewable energy 

sources (such as biogenic energies, hydropower, wind power, photovoltaics and  

ambient heat) and 14 percent fossil energy sources. 21 In this case, the combustible waste 

was counted as a fossil energy source. However, it will not be discussed any further at 

this point whether combustible waste is a fossil or a renewable energy source. 

 
18 Cf. (BMK, 2023b p. 12) 
19 Cf. (BMK, 2023b pp. 10-11), Cf. (BMK, 2023b p. 13), Cf. (BMK, 2023c p. 2) 
20 (BMK, 2023b p. 13) (own translation) 
21 Cf. (BMK, 2023b pp. 10-11), Cf. (BMK, 2023b p. 14), Cf. (BMK, 2023c p. 2) 
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Figure 11: Domestic primary energy production by energy source in petajoules/percent 22 

 

The gross domestic consumption reduced by the non-energy consumption  

(e.g. for the chemical industry) as well as the conversion losses (corresponds to the 

conversion input minus the conversion output) and the consumption of the energy sector 

(including transportation losses and measurement differences) results in the final energy 

consumption. The final energy consumption is the amount of energy that is available to 

the end consumer for the various useful energy applications. In Figure 12, the composition 

of the final energy consumption by energy source in Austria for the period from 2005 to 

2022 and the structure of the final energy consumption from Austria, which amounts to 

approximately 1.059,5 petajoules, is shown by economic sector for 2022. 23 

 

 
Figure 12: Final energy consumption by energy source in petajoules and percent 24 

 
22 (BMK, 2023b p. 14) (own translation) 
23 Cf. (BMK, 2023b pp. 10-11), Cf. (BMK, 2023b p. 15), Cf. (BMK, 2023b p. 17), Cf. (BMK, 2023c p. 2) 
24 (BMK, 2023b p. 17) (own translation) 
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Figure 12 shows that private households were responsible for around 27 percent of the 

final energy consumption. As a result, the total energy demand of households in 2022 was 

around 286 petajoules. According to Figure 12, the energy demand of private households 

is roughly equivalent to the energy demand of the manufacturing sector and the 

transportation sector. 25 

 

A different view of this final energy demand is shown in Figure 13, in which the final 

energy consumption is broken down by the useful energy categories. From this figure, it 

can be seen that around one third of the final energy consumption is used in the sector of 

space and water heating. Another third of the final energy consumption can be attributed 

to the mobility sector. The remaining third of the final energy consumption occurs in the 

sectors of process heat, stationary engines, lighting and computing and electrochemical 

purposes. 

 

 
Figure 13: Final energy consumption by useful energy categories in PJ 26 

 

Furthermore, it makes sense to analyze the sector of space and water heating in more 

detail and to divide the energy demand for this sector according to the energy source. 

Figure 14 shows the final energy demand for the space and water heating sector classified 

by the used energy source. 

 
25 Cf. (BMK, 2023b pp. 10-11), Cf. (BMK, 2023b p. 15), Cf. (BMK, 2023b p. 17), Cf. (BMK, 2023c p. 2) 
26 (Statistik Austria, 2023c) 
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Figure 14: Final energy demand for space and water heating by energy source in PJ 27 

 

The energy demand for the space and water heating sector remained at an almost constant 

level between the years 2005 and 2022. Nevertheless, the share of fossil fuels (such as 

hard coal, lignite, coke, heating oil, gas oil, liquid gas, natural gas) has decreased from 

around 55 percent in the year 2005 to a still high level of about 25 percent in the year 

2022, not considering the generation structure of district heat and electricity. In this 

context, it should also be mentioned that between the years 2005 and 2022, around  

90 percent of the generated district heat was used for the sector of space and water heating. 

Only 10 percent of the generated district heat was used for the sector of process heat. 28 

 

The generation of district heat in Austria has continuously increased in recent years, with 

an annual growth rate of around 1,9 percent per year between the years 2005 and 2022. 

Figure 15 shows the continuous increase in district heat generation as well as the structure 

of the generation and the strong growth in renewable energy sources. In the year 2022, 

around 92 petajoules of district heat were generated from roughly equal shares of fossil 

and renewable energy sources. 29 

 
27 Cf. (Statistik Austria, 2023c) 
28 Cf. (Statistik Austria, 2023c) 
29 Cf. (BMK, 2023b p. 16) 
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Figure 15: Generation of district heat by energy source 30 

 

If combustible waste is considered as a renewable energy source together with biogenic 

energies and ambient heat, the renewable share in district heat generation was 

approximately 59,5 percent in the year 2022. The share of combustible waste in district 

heat generation was around 7 percent in the year 2022, which means that the share of 

renewables in district heat decreases to around 52,5 percent in the year 2022 if 

combustible waste is classified as a fossil energy source (such as coal, oil, natural gas, 

coal gases). 31 

 

Based on the data from Figure 14 and Figure 15, the amount of energy that needs to be 

decarbonized until the year 2040 for the sector of space and water heating can be 

estimated assuming that the quantity of the final energy for this sector remains the same. 

The amount of energy required for the space and water heating sector was approximately 

372,9 petajoules in the year 2022, of which approximately 35 percent were directly 

generated from fossil fuels. 32 

 
30 (BMK, 2023b p. 16) (own translation) 
31 Cf. (BMK, 2023b p. 16) 
32 Cf. (BMK, 2023b p. 16), Cf. (Statistik Austria, 2023c) 
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Furthermore, about 17 percent of the final energy of the space and water heating sector 

were provided by district heat, of which about 40,5 to 47,5 percent were based on fossil 

energy sources. This results in around 156 to 161 petajoules that need to be decarbonized, 

assuming that the quantity of the final energy for the space and water heating sector 

remains at the same level as in the year 2022. This corresponds to around 15 percent of 

the total final energy consumption, or around 26 percent of the fossil final energy 

consumption if the electricity generation structure is neglected. Based on this, it can be 

seen that the decarbonization of the space and water heating sector can replace roughly a 

quarter of the amount of fossil fuels. By contrast, the mobility sector is responsible for  

53 percent, the process heating sector for 19 percent and the stationary engines sector for 

2 percent of the fossil final energy consumption, ignoring the generation structure of 

electricity. A very small proportion is caused by the sectors lighting and computing as 

well as electrochemical purposes. 33 The heat currently generated from fossil fuels for 

space and water heating must be decarbonized by 2040. To achieve this goal, all heating 

systems based on fossil fuels must be converted to heating systems that use renewable 

energy sources. Figure 16 provides an overview of the number of primary heating systems 

by predominant energy source for the years 2003 to 2022 for private households. 

 

 
Figure 16: Number of primary heating systems by predominant energy source 34 

 
33 Cf. (BMK, 2023b p. 16), Cf. (BMK, 2023b p. 17), Cf. (Statistik Austria, 2023c) 
34 Cf. (Statistik Austria, 2023b) 
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This figure shows a decrease in fossil heating systems and an increase in renewable 

heating systems as well as an increase in district heating systems. By 2040, all fossil 

heating systems must be converted to renewable heating systems based on wood (such as 

lump wood, wood chips, wood pellets and wood briquettes), solar, heat pumps or 

renewable district heating. In the years 2021 / 2022, around 1,4 million heating systems 

based on fossil fuels were still in operation in private households in Austria, including 

around 3.500 coal heating systems, around 521.000 oil heating systems and around 

878.000 gas heating systems. To achieve the target of a renewable heat supply, a 

conversion rate of around 78.000 heating systems per year is required in private 

households. 35 

 

In the next few years, the generation of district heat will increase due to the conversion 

of heating systems. In addition to the increasing demand for district heat, the generation 

of district heat must be decarbonized. Figure 17 shows a decarbonization pathway for 

district heat in Austria by 2040, based on a study published by the Austrian Energy 

Agency. In addition to the increasing demand for district heat, the figure also shows the 

diversification of renewable energy sources in the generation of district heat. 

 

 
Figure 17: Decarbonization pathway for the district heat generation in Austria 36 

 

From this figure it can be seen that biomass has the largest share on decarbonized district 

heat at present and will also have the largest share in the future. Furthermore, it should be 

mentioned that biomass cannot cover the entire demand for renewable district heat. 

 
35 Cf. (Statistik Austria, 2023b) 
36 (Wien Energie, 2022b) (own translation), Cf. (FGW, 2022 p. 6), 
    Cf. (Österreichische Energieagentur, 2020) 
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In any case, a diversification of the energy sources for the generation of renewable district 

heat will be necessary. For this reason, it can be assumed that a diversification of 

renewable energy sources will be necessary for the generation of renewable district heat 

in existing as well as in new district heating networks that have not been erected yet. For 

existing district heating networks, it can be expected that this diversification will take 

place without taking into account the current type of district heat generation. This 

diversification, which will take place in the future, will also partially affect the biomass 

heating plants and biomass cogeneration plants existing in Austria in 2023, as shown in 

Figure 18. Figure 18 also shows the installed capacity as well as the generated quantities 

of heat and electricity. 

 

 
Figure 18: Biomass heating plants and Biomass CHP plants in Austria in 2023 37 

 

To achieve a renewable district heat generation in the future, the following research 

question will be addressed within the scope of this master's thesis: 

 

• Which renewable energy sources and - systems can be implemented in existing 

and continuously growing district heating systems as well as in new district 

heating systems, taking into account technical and economic framework 

conditions? (Research question 1) 

 
37 Cf. (Pfemeter, et al., 2023 p. 44) (own translation) 
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3 Status quo – The principle of local and district 
heating networks 

The basic principle of local and district heating systems consists in general of a central 

heat generation system and a heat distribution system to the various heat consumers using 

a network of pipes. In the past, many different district heating systems have been 

established. The main differences between these district heating systems are as follows: 

 

• Type of network structure (primary -, secondary -, tertiary network) 

• Type of network design (star network, line network, mesh network, ring network) 

• Number of pipes (two-wire, three-wire, four-wire) 

• Type of connection (direct connection, indirect connection) 

• Type of system (opened system, closed system) 

• Type of installation of the pipes (above ground, below ground) 

• Temperature level of the district heating network (warm water, hot water, steam) 

• Pressure level of the district heating network 

 

The most common district heating system, as shown in Figure 19, generally consists of 

generation, distribution and demand and includes the following main components: 

 

• Generation of heat  

• Two-pipe district heating network consisting of forward and return line 

• House connection and house substation 

• House distribution 

 

 
Figure 19: Layout of the most common district heating system 
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3.1 Generation

The generation of district heat can be carried out in various ways from different energy

sources. On the one hand, the simple conversion of energy sources into heat is known.

The pure generation of heat is also known as the heat-only boiler process (abbreviated to

HOB process). In addition to the pure generation of heat, a combined generation of heat

and power in the form of electricity is known. This combined generation is also known

as the combined heat and power process (abbreviated to CHP process). Figure 20 shows

the total generation of district heat in Austria from 1970 to 2022. Furthermore, this figure

shows that district heat in Austria has been generated and is still generated in HOB plants

as well as in CHP plants.

Figure 20: Total generation of district heat in Austria from 1970 to 2022 in GWh 38

3.1.1 Generation of heat

The generation of district heat in a heat only boiler is based on the thermal utilization of

an energy source without generating an additional product. For the case that the energy is

stored in the energy source as chemical energy, the energy source is burned in a furnace.

The chemical energy is converted into thermal energy by the combustion process. 39

38 (Statistik Austria, 2023a)
39 Cf. (Rab, 2019 p. 18)
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This thermal energy contained in the resulting flue gas is transferred to water, which is

used as an energy carrier in the district heating network. In addition to the combustion of

energy sources, the direct use of thermal energy such as solar thermal energy, geothermal

energy and waste heat is possible if the temperature level of the thermal energy and the

district heating network are approximately the same. Furthermore, it is possible to use

any kind of thermal energy in heating plants that has been raised to a higher temperature

level using a heat pump process if the temperature level of the energy source is below the

temperature level of the district heating network. 40

In Figure 21, the generation of district heat from heat-only boilers is shown for Austria

for the period from the year 1970 to the year 2022. This figure also shows the energy

sources used to generate the district heat from heat-only boilers. From the figure it can be

seen that until the year 1986, the generation of district heat from heat-only boilers was

only based on fossil fuels. In addition to the continuous growth of district heat from heat-

only boilers, the share of the energy source biomass in district heat from heat-only boilers

has increased significantly. In the year 2022, biomass was the most dominant energy

source in district heat from heat-only boilers. But also, the fossil energy source natural

gas made a significant contribution to district heat generation from heat-only boilers in

the year 2022.

Figure 21: Generation of district heat from heat-only boilers in Austria 41

40 Cf. (Rab, 2019 p. 18)
41 (Statistik Austria, 2023a), Cf. (Rab, 2019 p. 17)
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3.1.2 Generation of heat and power

In addition to the pure generation of district heat from a heat-only boiler, the combined

generation of heat and electricity is possible. In most cases, an energy source is burned,

in the same way as in a heat only boiler. The chemical energy contained in the fuel is

converted into thermal energy. This thermal energy, which is contained in the flue gas, is

either used directly to generate electricity and heat or is transferred to a working medium,

which is then used to generate electricity and heat. In the case of energy sources

(e.g. geothermal energy) where the temperature level is high enough, the generation of

electricity and heat can be carried out directly with this energy source or with a separate

working medium.

Figure 22 shows the generation of district heat from CHP plants for Austria for the period

from 1970 to 2022. This figure also shows the energy sources used to generate heat and

electricity in CHP plants. The energy source biomass has been used for the combined

generation of heat and electricity since the year 1970. From the figure, it can be seen that

the generation of district heat from CHP plants has increased significantly from the year

1970 to the year 2022. Also, the share of biomass in district heat generated in CHP plants

has grown considerably. But overall, it can be recognized that the district heat generated

in CHP plants is still predominantly based on fossil fuels.

Figure 22: Generation of district heat from CHP plants in Austria 42

42 (Statistik Austria, 2023a), Cf. (Rab, 2019 p. 17)
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3.2 Distribution 

The generated district heat is distributed via a network of district heating pipes. This 

district heating pipe network usually consists of a supply pipe and a return pipe, which 

are structured in different ways depending on their complexity. Figure 23 shows the 

different structures of district heating pipe networks. In addition to line networks (a), there 

are star networks (b), ring networks (c) and meshed networks (d). With an increasing 

level of complexity, the structure of a district heating pipe network changes from a line 

network to star network, then to a ring network and finally to a meshed network. 43 

 

    

(a) (b) (c) (d) 

Figure 23: Types of district heating network structures 44 

 

Besides the structure of the district heating network, also the method of installation of the 

district heating network is relevant as shown in Figure 24. In general, a district heating 

network can be installed underground or above ground. For underground installation, the 

network can be ducted (Figure 24, a) or ductless (Figure 24, b). In the case of an above-

ground installation, the network is always installed as an overhead line (Figure 24, c). 45 

 

   

               (a) (b)          (c) 

Figure 24: Installation types of district heating networks 46 

 
43 Cf. (Nussbaumer, et al., 2020 p. 72) 
44 (Nussbaumer, et al., 2020 p. 72) 
45 Cf. (Konstantin, et al., 2022 p. 77) 
46 (Aelker, et al., 2020 pp. 624, 626, 640) 
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A further differentiation of district heating networks is possible according to the type of 

pipes used, whereby the majority of pipes that are installed underground without ducts 

are pre-insulated pipes, as shown in Figure 25. The most popular district heating pipe has 

a medium pipe made of steel, which is tightly insulated with a rigid polyurethane foam 

and a polyethylene casing pipe (Figure 25, a). For higher operating temperatures and 

operating pressures, as well as for difficult installation conditions, a district heating pipe 

is used which consists of a medium pipe made of steel, an insulation, a ring space, and a 

concentric steel casing pipe (Figure 25, b). In addition, there are also flexible district 

heating pipes in use, which usually have a medium pipe made of plastic (sometimes also 

steel, stainless steel, or copper) as well as an insulation made of polyurethane foam and a 

polyethylene casing pipe (Figure 25, c). In general, pre-insulated district heating pipes 

only have one integrated pipe. Nevertheless, it is also possible that pre-insulated district 

heating pipes have several integrated pipes. 47 

 

   

               (a) (b)          (c) 

Figure 25: Types of district heating pipes 48 

 

Figure 20 shows that the generation of district heat in Austria has increased significantly 

between the years 1970 and 2022. A similar development could also be observed in the 

length of the district heating networks. In Figure 26, the development of the district 

heating network length in Austria from 2002 to 2022 is shown. The length of the district 

heating networks increased from approximately 3.300 km in the year 2002 to around 

6.000 km in the year 2022, which corresponds to an annual growth rate of about 135 km 

per year. The forecast for the year 2032 shows a district heating network length of around 

7.200 km, which corresponds to an average growth rate of 120 km per year for the period 

from 2022 to 2032. 49 

 
47 Cf. (Aelker, et al., 2020 pp. 625-642) 
48 (Nussbaumer, et al., 2020 p. 60), (Konstantin, et al., 2022 pp. 81-82) 
49 Cf. (FGW, 2023 p. 23) 
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Figure 26: Development of the district heating network length in Austria 50

3.3 Demand

The district heating network transports the district heat from the generation site to the

individual heat consumers, who can use the district heat for different purposes. In addition

to space heating, the district heat can be used for domestic hot water preparation as well

as for process heat. To ensure that the individual heat consumers can use the district heat

from the district heating network, several components are required, such as a house

connection, a house substation and a house distribution as shown in Figure 27.

(a) (b) (c)

Figure 27: Components on the demand side 51

50 (FGW, 2023 p. 23)
51 (LINZ AG, 2023 p. 12), (Aqotec, 2020a), (Aqotec, 2020b)



3 Status quo – The principle of local and district heating networks 
 
Implementation, diversification and coupling of different renewable energy sources  
and renewable energy systems in local and district heating networks 

25 

The house connection (Figure 27, a) connects the supply and return pipe of the main pipe 

of the district heating network with the house substation of the individual heat consumer. 

Usually, a house connection only supplies a single heat consumer. Under special 

circumstances, it is also possible that a house connection supplies several heat consumers. 

Moreover, it is common that the house connection is realized with the same type of pipe 

as the main pipe of the district heating network. For special installation requirements, the 

house connection can be realized with a different but technically suitable piping system.52 

 

The house substation (Figure 27, b) can be defined as the link between the house 

connection and the house distribution. In the case of an indirect house substation, the 

house substation separates the heat transfer medium of the district heating network from 

the heat transfer medium of the house distribution by means of a heat exchanger. For the 

direct house substation, no heat exchanger is required, which means that the heat transfer 

medium of the district heating network is the same as the heat transfer medium of the 

house distribution. Both systems have advantages and disadvantages, which will not be 

discussed in detail. The house substation consists of at least the following parts, regardless 

of whether it is a direct or an indirect house substation: connections and shut-off valves 

to the district heating network and to the house distribution, draining and venting options, 

a heat meter, a differential pressure - and volumetric flow rate control (pressure 

independent control valve), safety devices and other auxiliary equipment and fittings. 53 

 

The house distribution (Figure 27, c) is not part of the district heating system. Only in the 

case of a direct house substation the heat transfer medium of the district heating network 

flows through the house distribution. In general, the house distribution is the overall 

system that transports the heat within the building to the specific heat consumer. The heat 

consumers within a building are either the heat distribution systems for space heating  

(e.g. radiators, surface heating or ventilation systems), the systems for domestic hot water 

preparation or other heat-consuming facilities (machines, devices, etc.). 54 

 
52 Cf. (Nussbaumer, et al., 2020 p. 85), Cf. (Konstantin, et al., 2022 pp. 84-85),  
    Cf. (Aelker, et al., 2020 pp. 694-695) 
53 Cf. (Nussbaumer, et al., 2020 pp. 85-86, 134), Cf. (Konstantin, et al., 2022 pp. 85-87),  
    Cf. (Nussbaumer, et al., 2021 pp. 22-30) 
54 Cf. (Nussbaumer, et al., 2020 pp. 85-86, 134), Cf. (Konstantin, et al., 2022 pp. 157-158) 
    Cf. (Nussbaumer, et al., 2021 pp. 8-16) 
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4 Methodical approach 
As already discussed in the previous chapters, a large share of the district heat that is 

currently generated is based on fossil fuels. Furthermore, the district heat generation will 

increase in the future due to the decarbonization of the space heating sector. To achieve 

these goals, this master's thesis will develop approaches which renewable energy sources 

and renewable energy systems can be implemented in existing and new district heating 

systems and which technical and economic conditions are required for the 

implementation. The associated research question, which will be addressed in this 

master's thesis and which has already been mentioned in Chapter 2 (p. 17) is as follows: 

 

• Which renewable energy sources and - systems can be implemented in existing 

and continuously growing district heating systems as well as in new district 

heating systems, taking into account technical and economic framework 

conditions? 

 

To be able to process and answer this research question, several methodological 

approaches are required, which will be explained in this chapter.  

 

4.1 Evaluation of data from local and district heating networks 

The master's thesis will be based on existing district heating networks, whereby the 

district heat in these district heating networks is generated by using heat-only boilers.  

The majority of the generated district heat is based on biomass in form of wood chips.  

Only a small proportion of the generated district heat is generated from fossil fuels 

(natural gas or heating oil) in heat-only boilers, which are mainly used to cover peak loads 

and to provide a backup supply. Table 2 provides an overview of selected data from the 

biomass heating plants of LINZ AG for the financial year 2023. In addition to the installed 

capacity and the type of boilers, the annual heat generation, the total subscribed 

connection load on the customer side and the length of the district heating network are 

shown for the reporting date 30.09.2023. 55 

 
55 (LINZ AG, 2022), Financial year 2023: 01.10.2022 – 30.09.2023 
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Table 2: Data from the biomass heating plants of LINZ AG for the financial year 2023 56 
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Haid 58  
2.000 kW (biomass) 
4.000 kW (biomass) 
8.000 kW (gas) 59 

24.100 MWh 15.720 kW 7.783 m 

Asten 58 
2.000 kW (biomass) 
4.000 kW (biomass) 
8.000 kW (gas) 59  

14.120 MWh 
60 

9.040 kW 6.627 m 

Marchtrenk 58 
500 kW (biomass) 
3.500 kW (biomass) 
4.000 kW (gas) 59 

10.380 MWh 7.730 kW 3.714 m 

Grein 
3.500 kW (biomass) 
4.500 kW (oil) 59 

9.987 MWh 5.530 kW 11.203 m 

Puchenau 58 
2.000 kW (biomass) 
3.500 kW (gas) 59 

9.670 MWh 6.440 kW 3.364 m 

Steyregg 58 
1.500 kW (biomass) 
3.500 kW (gas) 59 
850 kW (biomass) 61 

7.790 MWh 7.120 kW 5.194 m 

Tragwein 58 
820 kW (biomass) 
1.500 kW (oil) 59 

4.538 MWh 2.880 kW 4.806 m 

 

For all biomass heating plants listed in Table 2, a continuous recording of operating 

parameters is carried out. These operating parameters are available as 15-minute values 

and 1-hour values in a processable data table for all heating plants except the site in Grein. 

 
56 (LINZ AG, 2024 pp. 15-21), (LINZ AG, 2022), Financial year 2023: 01.10.2022 – 30.09.2023 
57 measured at the heating plant at the district heating network feed-in 
58 15-minute values and 1-hour values available 
59 for peak load coverage and as a backup supply 
60 thereof approx. 50 percent waste heat from electricity generation from biogas (sewage treatment plant) 
61 on a separate site 
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An extract from these operating parameters, mainly operating parameters of the district 

heating network, are used to assess which renewable energy sources and renewable 

energy systems can be used in district heating systems, taking into account the technical 

and economic framework conditions. In addition to the output of the district heating 

network, also the supply flow temperature and the return flow temperature are analyzed. 

These data are used to create annual duration curves and temperature profiles so that the 

various technologies can be dimensioned. 

4.2 Literature and market research 

The investigation of the master's thesis will include a literature research and a market 

research. As part of the literature research, the status quo of the energy sector will be 

discussed with a specific focus on the generation of district heat. Furthermore, the 

literature research will provide a rough overview of the functionality and structure of a 

district heating system. For the elaboration of this section, the relevant literature,  

peer-reviewed articles, gray literature such as national statistics and strategies for the 

energy sector as well as websites and news articles will be used. To identify appropriate 

renewable energy sources and renewable energy systems for the generation of renewable 

district heat, a literature research will be carried out, taking into account relevant literature 

and peer-reviewed articles. Furthermore, it can be assumed that the relevant literature 

cannot answer all relevant details, which results in a market research by contacting the 

manufacturers of the different technologies. 

4.3 Technical and economic analysis 

On the basis of the analyzed measurement data according to chapter 4.1 and the collected 

information according to chapter 4.2, a technical analysis of these systems will be carried 

out. In this context, it should be mentioned that the technical analyses will only be based 

on the operating parameters for the year 2023, even if the operating parameters would be 

available over a longer period of time. Furthermore, it is important to underline that the 

calculations will not contain any programmed simulations of the respective technology 

or combinations of several technologies. The technical analyses will be based on physical 

equations that are relevant for the respective technology using the calculation software 

Microsoft Excel. After the technical analysis, a profitability calculation will be carried 

out using well-known and established methods. 
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5 Research task 
In this chapter, all necessary technical and economic fundamentals are determined so that 

the implementation of different technologies for the heating plants listed in Table 2 can 

be examined in the following chapter. 

5.1 Characteristic parameters of local and district heating networks 

The district heating network is responsible for the transportation of heat from the 

generation site to the individual heat consumers. To ensure that all consumers are 

supplied, it is necessary to transport a certain heat flow via the district heating network. 

This heat flow that needs to be transported does in general not correspond to the sum of 

the outputs of all individual consumers, as not all individual consumers require the 

maximum output at the same time. This effect is also known as concurrency and describes 

the relationship between the maximum simultaneous heat demand of all customers and 

the total subscribed connected load and can be calculated using equation (5.1). 62 

 

g = ∑ Q̇'(t*�3+'�� )∑  Q̇�_'(t+'�� )    63 (5.1) 

 
With the following meanings:  
 

 

g Concurrency factor (unitless)  Q̇'(t*�3) Heat consumer output i at the time of the maximum total  
output requirement in kW  

Q̇�_'(t) Subscribed rated output of the heat consumer i in kW  n Number of heat consumers  

 

In the case of a district heating network with only one heat consumer, the concurrency 

factor must be set to 1. Even if this heat consumer does not constantly require the 

maximum heat output, it can be assumed that the maximum heat output is required from 

time to time.  

 
62 Cf. (Nussbaumer, et al., 2020 pp. 96-97) 
63 (Nussbaumer, et al., 2020 p. 97) 
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With an increasing number of heat consumers, the concurrency factor decreases because 

the time at which the individual heat consumers require the maximum heat output 

diversifies. In a study from the year 2001, an approximation equation for the concurrency 

factor was developed as shown in equation (5.2) based on two district heating networks. 

 

g = a + b1 + v+!w"  64 (5.2) 

 
With the following meanings:  
 

 

a Parameter for the approximation equation suggested  
to be 0,449677646267461 for 1< n < 200 (unitless)  

b Parameter for the approximation equation suggested  
to be 0,551234688 for 1< n < 200 (unitless)  

c Parameter for the approximation equation suggested  
to be 53,84382392 for 1< n < 200 (unitless)  

d Parameter for the approximation equation suggested  
to be 1,762743268 for 1< n < 200 (unitless)  n Number of heat consumers  

 

Figure 28 shows the approximation function (blue) and the scattering range (black) for 

the concurrency factor as a function of the number of heat consumers.  

 

 
Figure 28: Approximation function and scattering range for the concurrency factor 65 

 
64 (Winter, et al., 2001 p. 12) 
65 (Nussbaumer, et al., 2020 p. 97), (Winter, et al., 2001 p. 12) 
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The concurrency factor converges towards the value 0.47 for a large number of heat 

consumers, as shown in Figure 28. 66 The maximum heat flow that needs to be transported 

through the district heating pipe can be calculated from the subscribed rated output of the 

heat consumers and the concurrency factor. For this maximum heat flow that must be 

transported through the district heating pipe, there is an additional correlation of physical 

variables according to equation (5.3). 

 Q̇ = ṁ ∙ c ∙ ΔT = V̇ ∙ ρ ∙ c ∙ ΔT 67 (5.3) 

 
With the following meanings:  
 

 

Q̇ Transport capacity of the pipe in kW  ṁ Mass flow in kg/s  c Specific heat capacity in kJ/kg⋅K  ΔT Temperature difference between supply line and return line in K  V̇ Volume flow in m3/s  ρ Density in kg/m3  

 

From this equation it can be seen that the transport capacity of a pipe increases with an 

increasing mass flow and an increasing temperature difference between supply line and 

return line.  

 

Besides the transportation of the heat flow, the district heating network is affected by an 

unavoidable but controllable heat loss and pressure loss during the operation. This heat 

loss is equal to the difference between the amount of heat supplied into the district heating 

network from the heat generation and the amount of heat consumed from all heat 

consumers. In the opposite direction, it can be derived that the heat flow supplied into the 

district heating network is the sum of the heat flow consumed by all heat consumers and 

the heat flow due to heat losses. 68 

 
66 Cf. (Winter, et al., 2001 p. 12) 
67 (Konstantin, et al., 2022 p. 64), (Nussbaumer, et al., 2020 p. 12) 
68 Cf. (Nussbaumer, et al., 2020 p. 200), Cf. (Good, et al., 2022 p. 243) 
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This heat flow that occurs in a district heating network due to heat losses can be calculated 

by using equation (5.4). One of the objectives when planning a district heating network 

should be the minimization of these heat losses. 

 Q̇� = U� ∙ A�/� ∙ ΔT��� 69 (5.4) A�/� = 2 ∙ D� ∙ π ∙ L 70 (5.5) 

ΔT��� = T���� + T���2 − T%/ 71 (5.6) 

 
With the following meanings:  
 

 

Q̇� Heat loss flow in the supply and return pipe in W  U� Overall heat transfer coefficient in W/m2⋅K  A�/� Outer surface of the supply and return pipe in m2  ΔT��� Temperature difference for earth-laid pipes in K  D� Outer diameter in m  L Route length in m  T���� Supply temperature in °C or K  T��� Return temperature in °C or K  T%/ Mean soil temperature in °C or K  

 

The movement of the heat transfer medium in the district heating pipes results as already 

mentioned in a pressure loss. To ensure that the medium is conveyed within the district 

heating network, pumps are required which must compensate the pressure loss of the pipe 

system, the pressure difference from a geographical height difference and the pressure 

difference over the house connection. The volume flow that must be delivered from the 

pump on the coldest day can be calculated from equation (5.3). 72 

 
69 (Nussbaumer, et al., 2020 p. 114) 
70 (Nussbaumer, et al., 2020 p. 114) 
71 (Nussbaumer, et al., 2020 p. 114) 
72 Cf. (Nussbaumer, et al., 2020 p. 122) 
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This volume flow results in a specific pressure loss in the pipe according to equation (5.7).  

 

Δp = 8 ∙ ρ ∙ V̇� ∙ λD'	 ∙ π�  73 (5.7) 

 
With the following meanings:  
 

 

Δp Specific pressure loss in Pa/m  ρ Density in kg/m3  V̇ Volume flow in m3/s  λ Friction coefficient of the pipe (unitless)  D' Inner diameter in m  

 

During the design process of a district heating network, an optimum balance between heat 

loss and pressure loss must be found. In general, it can be said that reducing the pipe 

diameter reduces the investment costs and the heat loss but increases on the other hand 

the pressure loss. An increase in diameter results in higher investment costs and a higher 

heat loss but decreases the pressure loss. Figure 29 shows the investment costs and the 

costs for the heat loss as well as the costs for the electricity of the pumps, which are 

directly proportional to the pressure loss in the pipes. The diagram shows that there is an 

optimum pipe dimension at which the total costs are at a minimum. 74 

 

 
Figure 29: Heat distribution costs as a function of the nominal diameter 75 

 
73 (Konstantin, et al., 2022 p. 64) 
74 Cf. (Nussbaumer, et al., 2020 p. 13) 
75 (Nussbaumer, et al., 2020 p. 13) 
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5.1.1 Temperature level 

Besides the subscribed rated output, also the provided temperature is an important factor 

for the heat consumer. Table 3 shows the required supply temperatures depending on the 

type of heat consumer.  

 

Table 3: Supply and return temperatures depending on generation and consumer 76 

 

 

 

In general, it can be said that the district heating network must always be operated with 

the highest temperature requirement, although it is possible to operate the district heating 

network in different operating modes in terms of temperature, as shown in Figure 30. The 

operation can be realized in such a way that the network temperature is either independent 

or dependent on the outside temperature. 

 

 
Figure 30: Supply temperature curve for the three different operation modes 77 

 
76 (Nussbaumer, et al., 2020 pp. 44-45) 
77 (Nussbaumer, et al., 2020 p. 45) 
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5.1.2 Annual duration curve 

A district heating supply is imaginable for a wide variety of heat consumers according to 

Table 3. As already mentioned, the heat can be used for space heating (e.g. radiators, 

surface heating or ventilation systems), for domestic hot water preparation or other heat-

consuming facilities (machines, devices, etc.). 78 The subscribed rated output of the heat 

consumers as well as the calculated maximum output requirement according to equation 

(5.1) are maximum occurring outputs. In the case of space heating, it is known that the 

required output for space heating is in a linear relationship to the outside temperature. At 

present, around 90 percent of the generated district heat in Austria is used for the space 

heating sector. From this it can be derived that the output requirement in a district heating 

network is linked to the outside temperature and therefore fluctuates with the seasons. 

This dependency on the outside temperature mainly results from the heat demand for 

heating the buildings and not from the heat demand for domestic hot water preparation, 

as this is almost independent of the outside temperature. 79 

 

Figure 31 shows a schematic load profile and the associated annual duration curve of a 

district heating network. The load profile (Figure 31, a) shows the required output in a 

district heating network over an entire year. By sorting the required outputs that occur 

during a year according to their size, the annual duration curve is obtained (Figure 31, b). 

In both cases, the area under the curve is equal to the heat fed into the network.  

 

  

                                  (a) (b) 

Figure 31: Load profile and annual duration curve of a district heating network 

 
78 Cf. (Nussbaumer, et al., 2020 pp. 85-86, 134), Cf. (Konstantin, et al., 2022 pp. 157-158) 
    Cf. (Nussbaumer, et al., 2021 pp. 8-16) 
79 Cf. (Recknagel, et al., 2020 pp. 1320-1321), Cf. (Seifert, et al., 2015 pp. 198, 199, 204) 
    Cf. (Statistik Austria, 2023c), Cf. (Wolf, 1959 pp. 483-492) 
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For the annual duration curves, different approaches are proposed by (Wolf, 1959).  

By adding the purpose of the heat demand to the annual duration curve, it becomes 

obvious for a typical district heating network as shown in Figure 32 that the heat supplied 

into the network is attributable to a year-round network loss, a year-round heat demand 

for domestic hot water preparation and a heat demand for space heating in the heating 

period. In terms of heat losses, it should be noted that the amount of heat that is lost from 

the network should not exceed 10 to 15 percent of the amount of heat fed into the network, 

especially to be able to receive subsidies. 80 

  

 
Figure 32: Annual duration curve of the heat demand for a district heating network 81 

 

The heat fed into the district heating network must be provided by heat generation 

systems. For the generation of this heat, different generation strategies can be used, as 

shown in Figure 33. In principle, there is always a division into base load and peak load 

generation, but also two base load generation units and a heat storage unit are possible. 

 

  

                                 (a) (b) 

Figure 33: Annual duration curve of heat generation for a district heating network 82 

 
80 Cf. (Nussbaumer, et al., 2020 p. 98), Cf. (KPC, 2024 p. 1) 
81 (Nussbaumer, et al., 2020 p. 16) 
82 (Nussbaumer, et al., 2020 p. 19) 
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5.2 Renewable energy sources and - systems for the generation of heat 

Based on the previous fundamental survey, especially with regard to the generation 

strategy for covering the heat demand within the annual duration curve according to 

Figure 33 and the temperature profile of the district heating network according to  

Figure 30, renewable energy sources and renewable energy systems for covering the heat 

demand should be identified and described. Figure 34 shows the development of the 

district heating systems and district heat generation systems until now and provides an 

outlook on the district heating systems and district heat generation systems in the future, 

based on a publication released in the year 2018. 

 

 
Figure 34: Progression of district heating – 1st to 4th generation 83 

 

The figure above shows that a strong diversification of energy sources and energy systems 

and the implementation of storage systems can be expected. Additionally, it will be 

necessary to reduce the temperatures of the district heating systems.  

 
83 (Thorsen, et al., 2018) 



5 Research task 
 
Implementation, diversification and coupling of different renewable energy sources  
and renewable energy systems in local and district heating networks 

38 

5.3 Biomass HOB systems 

The current state of the art for the generation of renewable district heat is represented, 

among other systems, by a biomass heat-only boiler system as shown in Figure 35.  

In such boiler systems, biomass (usually wood chips) is burned in furnaces, whereby the 

energy contained in the flue gas is transferred to the heat transfer medium which is then 

fed into the district heating network. As the state of the art, it can be assumed that a 

biomass heat-only boiler system as shown in Figure 35 consists of the following 

components: (1) fuel store with discharge, (2) boiler, (3) fine dust separators (in the figure 

designed as electrostatic precipitator), (4) exhaust gas ventilator and (5) chimney. 84 

 

 
Figure 35: Biomass heat-only boiler system 85 

5.4 Alternative conversion routes besides the combustion of biomass 

Besides the combustion of biomass that is typically used in biomass heat-only boiler 

system as shown in Figure 35, there are also other conceivable routes for converting 

biomass. A fundamental factor to differentiate these conversion routes is the excess air 

ratio, as shown in Figure 36 (a), when the biomass is heated. The excess air ratio is defined 

as the ratio between the amount of oxidizing agent supplied to the conversion process to 

the amount of oxidizing agent required to oxidize all reaction products completely.  

In addition to the heating of biomass, which is not a conversion process, the processes of 

pyrolysis, gasification, and oxidation (combustion) are known. 86 

 
84 Cf. (Nussbaumer, et al., 2020 p. 26), Cf. (Nussbaumer, 2013 pp. 389-397) 
85 (Nussbaumer, et al., 2020 p. 26), (Nussbaumer, 2013 pp. 389-397) 
86 (Meyers, et al., 2019 pp. 362-364) 
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                                          (a) 87         (b) 88 

Figure 36: Possible conversion routes for biomass  

5.4.1 Pyrolysis 

After the heating process of the biomass, in which the biomass is only dried and no 

reaction takes place, the process of pyrolysis begins. During the pyrolysis process, no 

oxidizing agent is added to the biomass, only the temperature is further increased. This 

means that the excess air ratio is 0. By heating, the long molecular structure of the biomass 

is broken down into shorter molecular fragments. These short molecular fragments (also 

known as volatile elements) are driven out of the biomass in gaseous form. At the end of 

the complete pyrolysis process, the following elements are present: volatile compounds 

(such as hydrogen, carbon monoxide, methane, carbon dioxide, nitrogen and steam), char 

and low molecular weight organic compounds as well as high molecular weight 

compounds. 89 From Figure 36 (b) it can be seen that the process of pyrolysis and therefore 

the resulting products can be influenced. The residence time, the heating rate and the final 

temperature significantly influence the composition of the products. In general, it can be 

said that slow pyrolysis (long residence time, low heating rate, low final temperature) 

results in a higher yield of solid products (coal), while fast pyrolysis (short residence time, 

high heating rate, high final temperature) results in a higher yield of liquids  

(bio crude oil). 90 For the technologies which will be described in the following section, 

only the pyrolysis process with a high yield of solid products (coal) is of interest. 

 
87 (Meyers, et al., 2019 p. 362), Cf. (Kaltschmitt, et al., 2016) 
88 (De, et al., 2018 p. 49) 
89 Cf. (Meyers, et al., 2019 pp. 362-364) 
90 Cf. (De, et al., 2018 pp. 49-50), Cf. (Bunbury, et al., 1925 pp. 85-88),  
    Cf. (Meyers, et al., 2019 pp. 402-405), Cf. (Bruckman, et al., 2016 p. 256) 
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5.4.1.1 The main product of slow pyrolysis 

The main product of slow pyrolysis is coal. In the case of biomass that has been 

pyrolyzed, the resulting coal is also known as biochar or charcoal (for cases in which 

wood is pyrolysed). The possible applications of this biochar are very manifold due to its 

properties. In addition to energy applications (heating plants, combined heat and power 

plants, industrial furnaces, small furnaces, gasification plants, barbecue charcoal) also 

industrial applications (metallurgy, adsorbents, cement and lime plants, silicon 

production, chemical production) as well as soil-related and agricultural applications (soil 

incorporation, compost additives, animal farming, animal feed) are possible. One of the 

most important positive effects is attributed to the incorporation into soils. In this context, 

the anthropogenic (i.e. human-made), nutritious so-called Amazonian black soils, which 

are commonly referred in Brazil as “Terra Preta de Indio”, are worth to be mentioned. 

These soils are characterized by their ability to regenerate on their own, their high 

absorption capacity of nutrients and water and their higher yields compared to other soils. 

In addition to fragments of clay and organic waste to provide nutrients and build up 

humus, biochar is the most important ingredient for Terra Preta. In addition to the effect 

of improving the quality of the soil, the incorporation into the soil has an additional 

advantage, which is the capture and long-term storage of carbon. The carbon produced 

by pyrolysis was removed from the atmosphere as carbon dioxide and is stored in a stable 

form in the soil in form of biochar. This type of application is based on the principle of 

carbon capture and storage. For the production, the use and the certification of biochar, 

clear rules have been defined by the Ithaka Institute in form of the European Biochar 

Certificate (EBC-Certificate) and the World Biochar Certificate (WBC-Certificate). 91 

 

In general, it can be said that from a physical point of view, one kilogram of carbon 

corresponds to approximately 3,66 kg of carbon dioxide, based on an atomic mass of 

12,011 g/mol for carbon (C) and 15,999 g/mol for oxygen (O). In the case of pyrolyzed 

straw, the carbon content is usually between 40 and 50 percent while the carbon content 

of pyrolyzed wood and nutshells is between 70 and 90 percent. 92 

 
91 Cf. (De, et al., 2018 p. 49), Cf. (Quicker, et al., 2016 pp. 3-4, 202, 214, 277, 282, 284-285, 299, 302) 
    Cf. (Dunst, 2022 pp. 210-211), Cf. (Dunst, 2019 pp. 238-247), Cf. (Bier, et al., 2020 p. 20),  
    Cf. (WBC, 2023), Cf. (EBC, 2020), Cf. (EBC, 2012-2023) 
92 (Vinke, et al., 2013 p. 31), Cf. (EBC, 2012-2023 p. 21) 



5 Research task 
 
Implementation, diversification and coupling of different renewable energy sources  
and renewable energy systems in local and district heating networks 

41 

In the year 2017, the prices for biochar were around 200 to 2.000 euros per ton depending 

on the quality, the type of production and the market situation. 93 

 

For cases where the biochar is long-term stored in a stable form and is not used for the 

generation of energy, it is possible to trade the captured carbon as a carbon sink. Also in 

this case, there are regulations that replicate the value chain of the biochar to ensure that 

all carbon dioxide equivalent expenditures (production of biomass, storage and 

processing of biomass, production of biochar, processing and transportation of biochar) 

are deducted from the carbon storage capacity of the biochar. In the relevant regulation 

for the certification of carbon sinks from biochar, an example is given in which 100 kg of 

biochar represents a carbon sink of 69,7 kg of carbon, which corresponds to a carbon 

dioxide equivalent of 255,6 kg, taking into account the carbon content of the biochar and 

the value chain of the biochar. 94  

 

From this it can be deduced that the value of the biochar that is not used for the generation 

of energy must be at least equal to the price that must be paid on the market for the same 

amount of carbon dioxide that is stored in the biochar. Figure 37 shows the price trend 

for the EU carbon permits for the period of 01.01.2014 to 25.03.2024. 

 

 
Figure 37: Price development of EU carbon permits (EU-ETS) 95 

 
93 (BMLFUW, 2017 p. 19) 
94 Cf. (EBC, 2012-2023) 
95 (Trading Economics, 2024) (adapted) 
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If we assume that the price of the EU carbon permits is 80 euros per ton and 100 kg of 

biochar represents a carbon sink of 69,7 kg of carbon, the price of biochar would be 

around 205 euros per ton, assuming that only the amount of carbon dioxide is 

compensated with the value of the EU carbon permits. 

5.4.2 Gasification 

If an oxidizing agent (air, oxygen, water) is added after the process of pyrolysis, which 

has taken place without adding an oxidizing agent (air, oxygen, water), the products from 

the pyrolysis process (coal, carbon monoxide, methane) are mainly converted into the 

following products: hydrogen, carbon monoxide and methane. A strict distinction 

between pyrolysis and gasification is not possible, as biomass itself contains a certain 

amount of oxygen. In any case, the excess air ratio during gasification is  

between 0 and 1. 96 

5.4.3 Combustion 

In the last step, the combustion, such an amount of oxidizing agent (air, oxygen, water) 

is added to ensure that the products of gasification (hydrogen, carbon monoxide and 

methane) are completely oxidized to the products carbon dioxide and water. To achieve 

a complete oxidation of all oxidizable elements, an excess air number of at least 1 is 

required. 97 

 

5.5 Biomass pyrolysis systems 

Biomass pyrolysis systems use the pyrolysis process described in chapter 5.4.1. 

Depending on the process management (slow pyrolysis vs. fast pyrolysis), it is possible 

to produce either solid substances (biochar) or liquids (bio crude oil) from any type of 

biomass. Various processes have been developed for the slow pyrolysis as well as for the 

fast pyrolysis, but only processes for the slow pyrolysis are described in the following 

chapter. 98 

 
96 Cf. (Meyers, et al., 2019 pp. 362-364) 
97 Cf. (Meyers, et al., 2019 pp. 362-364) 
98 Cf. (Meyers, et al., 2019 pp. 402-405) 
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5.5.1 Biomass pyrolysis plant – PYREG 

The pyrolysis process that was developed from the company PYREG uses an indirectly 

heated screw reactor as shown in Figure 38. To heat the screw reactor, the process gas 

released during the process of pyrolysis is used. This process gas is burned in a separate 

furnace. The produced flue gas is then used to heat the screw reactor. The entry of ambient 

air which contains oxygen is prevented by a rotary valve on the biomass inlet and the 

biochar discharge. In addition to the production of biochar from the biomass, renewable 

energy in form of heat is generated. 99 

 

 
Figure 38: Operating principle of the PYREG plant 100 

 

In addition to biomass, this process can also pyrolyze composite materials,  

sewage sludge, food waste, industrial waste and mixed waste to produce coal and heat. 

The input material only must fulfill the following requirements:  

average particle size between 3 and 30 millimeters, minimum dry substance of 80 percent, 

minimum calorific value of 10 MJ/kg. 101 

 
99  Cf. (Bruckman, et al., 2016 p. 207), Cf. (Pyreg, 2022 p. 14) 
100 (Pyreg, 2022 p. 15) 
101 Cf. (Pyreg, 2022 pp. 16-17) 
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Table 4 shows all relevant data for the different available plant sizes for the reference fuel 

residual forest wood. Based on these data, the implementation of a pyrolysis plant in a 

district heating network will be examined. The generated heat from the pyrolysis plant 

will cover a part of the heat demand of the district heating network. The main product of 

the pyrolysis plant, the produced biochar, will be marketed as a high qualitative product. 

 

Table 4: Data of the different PYREG pyrolysis plants for residual forest wood 102 

Type Unit  PX500 PX1500 PX6000 

Biomass input 
[kW] 
[kg/h] 103 

550 
109 

1.571 
311 

6.285 
1.244 

Biochar output 
[kW] 
[kg/h] 103 
[kg/h] 104 

200 
26 
33 

571 
75 
94 

2.285 
299 
374 

CO2 withdrawal potential [t/a] 105 627 1.792 7.182 

Heat output [kW] 217 627 2.395 

Electricity consumption [kW] 12 40 120 

Personnel expenses [h/d] 4 4 4 

Costs for maintenance and 
service in relation to the 
investment costs 

[% / a] 2,5 2,5 2,5 

Minimal partial load in 
relation to the rated output [%] 70 70 70 

Investment costs [EUR] 1.000.000 2.200.000 5.500.000 
 

There are also other pyrolysis systems available on the market, which are compared in a 

study of (Klauser, et al., 2024). 

  

 
102 Cf. (Pyreg, 2023a p. 2), Cf. (Reichardt, 2023), Cf. (Pyreg, 2023b pp. 2-4) 
103 absolutely dry / water-free 
104 with 20 % water 
105 for 8.000 operating hours 
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5.6 Biomass CHP systems 

In addition to the generation of heat from biomass based on either combustion  

(in biomass heat-only boiler systems) or pyrolysis (in biomass pyrolysis systems), it is 

also possible to generate heat and electricity simultaneously in biomass combined heat 

and power systems. For combined generation of heat and power, many different 

technologies are available such as:  

 

• CHP systems with combustion engines 106 

• CHP plants with gas turbines 106 

• CHP plants with steam turbines 106 

• CHP plants with steam engines 106 

• CHP plants with Stirling engines 106 

• CHP plants with ORC processes 106 

• CHP plants with fuel cells 106 

 

For a combined heat and power generation system, the conversion rate of the energy 

source into heat and electricity is of interest. The conversion rate, which is equal to the 

efficiency, from fuel to heat and from fuel to electricity can be calculated using equations 

(5.8) and (5.9). The overall efficiency of the CHP system is the sum of the two 

efficiencies. In addition to the efficiencies, the quantity ratio of the two different types of 

energy that are generated is of interest. This ratio, also known as the power-to-heat ratio, 

can be calculated with equation (5.10). 106 

 

η1& = Q̇1&Q̇$  107 (5.8) 

η#) = P#)Q̇$  108 (5.9) 

σ = P#)Q̇1& = η#)η1&  109 (5.10) 

 
106 Cf. (Schmitz, et al., 2004 p. VIII), Cf. (Suttor, 2014 p. 40), Cf. (Kirchner, et al., 2018 pp. 8-9) 
107 Cf. (Kirchner, et al., 2018 p. 8) 
108 Cf. (Kirchner, et al., 2018 p. 8) 
109 Cf. (Kirchner, et al., 2018 p. 9) 
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With the following meanings:  
 

 

η1& Thermal efficiency of the CHP plant in %  Q̇1& Thermal output of the CHP plant in kW  Q̇$ Rated fuel output of the CHP plant related to the calorific value in kW  η#) Electrical efficiency of the CHP plant in %  P#) Electrical output of the CHP plant in kW  σ Power-to-heat ratio (unitless)  

 

The thermal efficiency, the electrical efficiency and the power-to-heat ratio are mainly 

influenced by the type of CHP plant used as shown in Figure 39 (a) and Figure 39 (b).  

 

Figure 39 (a) shows furthermore on the one hand, that the system output has an influence 

on the electrical efficiency and on the other hand that the different types of CHP systems 

are used for different system outputs. Another aspect shown in Figure 39 (b) is that the 

ratio of thermal efficiency to electrical efficiency, the so-called power-to-heat ratio, can 

be influenced more or less depending on the type of the CHP plant. 

 

  

                                  (a) 110       (b) 111 

Figure 39: Thermal and electrical efficiencies of different CHP systems 

 
110 (Nussbaumer, et al., 2020 p. 35) 
111 (Kirchner, et al., 2018 p. 9) 
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5.6.1 Biomass CHP plant – PYREG 

This combined heat and power plant is not a conventional combined heat and power plant 

as described in 5.6. In addition to heat and electricity, this plant also produces biochar. 

This system can generally be seen as an extension of the system described under 5.5.1. 

The heat generated during the process of pyrolysis, which is recovered in the exhaust gas 

heat exchanger in Figure 38, is used in an ORC process, as shown in Figure 40. 

 

 
Figure 40: Simplified process diagram of the ORC process 112 

 

The operating principle of the ORC process (Organic Rankine Cycle process) as shown 

in Figure 40 is mainly the same as the operating principle of the Clausius Rankine process. 

In contrast to the Clausius Rankine process, which uses water as working fluid, the ORC 

process uses an organic working fluid. The process consists of a steam generator, also 

known as evaporator (2), which absorbs heat (1) – in this case from the flue gas of the 

pyrolysis plant – and uses this heat to evaporate the pressurized working fluid. In the 

turbine (3), part of the energy is extracted from the working medium, which is then used 

in a generator (4) to generate electricity. The working medium is then liquified in the 

condenser (5), whereby the released heat (6) can be used for further processes, like in this 

case to operate a district heating network. The expanded and liquefied working medium 

is then pressurized by a pump (7) so that the process starts again from the beginning. 113 

 
112 (Dürr, 2020 p. 4) 
113 Cf. (Dürr, 2020 p. 4), Cf. (Nussbaumer, et al., 2020 p. 34), Cf. (Baehr, et al., 2016 pp. 544-550) 
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Table 5 shows the data for the pyrolysis plants available on the market designed as a CHP 

plant for the production of biochar with heat extraction and an ORC plant for the 

generation of electricity. As already mentioned, this plant is not a conventional CHP 

plant. As shown in Table 5, slightly more than a third of the fuel heat output is discharged 

from the plant with the product biochar. The main focus of this plant is therefore on the 

production of biochar and not on the generation of heat and electricity. But in general, it 

can be highlighted that the combination of a pyrolysis plant with heat and power 

generation makes sense from an energetic, ecological and economic point of view. There 

are also other pyrolysis systems available, which are compared in (Klauser, et al., 2024). 

 

Table 5: Data of the different PYREG CHP plants for residual forest wood 114 

Type Unit  PX500 PX1500 PX6000 

Biomass input 
[kW] 
[kg/h] 115 

no
t a

va
ila

bl
e 

1.571 
311 

6.285 
1.244 

Biochar output 
[kW] 
[kg/h] 115 
[kg/h] 116 

571 
75 
94 

2.285 
299 
374 

CO2 withdrawal potential [t/a] 117 1.792 7.182 

Heat output [kW] 533 2.036 

Electricity output [kW] 94 359 

Electricity consumption [kW] 40 120 

Personnel expenses [h/d] 4 4 

Costs for maintenance and 
service in relation to the 
investment costs 

[% / a] 2,5 2,5 

Minimal partial load in 
relation to the rated output [%] 70 70 

Investment costs [EUR] 2.800.000 6.500.000 

 
114 Cf. (Pyreg, 2023a p. 2), Cf. (Reichardt, 2023), Cf. (Pyreg, 2023b pp. 2-4), Cf. (Reichardt, 2024) 
115 absolutely dry / water-free 
116 with 20 % water 
117 for 8.000 operating hours 
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5.6.2 Biomass CHP plant – SYNCRAFT 

The combined heat and power generation system from SYNCRAFT is primarily a system 

for generating fuel gas from solid biomass such as wood chips. This fuel gas – in case of 

wood chips, the gas is wood gas – can then be used in a gas engine to generate heat and 

electricity. The process for the production of the product gas is a multi-stage gasification 

process in which the individual process steps of pyrolysis, oxidation and reduction are 

separated in terms of space and control technology, as shown in Figure 41. 118 

 

 
Figure 41: Operating principle of the SYNCRAFT CHP plant 119 

 

The fuel for the CHP plant must be uncontaminated wood chips with a grain size of at 

least 40 mass percent larger than 25 mm, maximum 20 mass percent smaller than 8 mm 

and generally a maximum grain size of 150 mm. The calorific value of the wood chips 

must be more than 720 kWh/m3 or 4 kWh/kg. 120 The wood chips are first dried to a water 

content of 10 percent using a drying process that is decoupled from the gasification 

process. After drying, a part of the biomass is burned in the pyrolysis reactor, while the 

remaining part is broken down into its solid, liquid and gaseous components, whereby the 

gas still contains a very high proportion of tars. 121  

 
118 Cf. (Syncraft, 2023b p. 1) 
119 (Huber, et al., 2019 p. 2) 
120 Cf. (Syncraft, 2023b), Cf. (Syncraft, 2023a) 
121 Cf. (Syncraft, 2023b pp. 1-3) 
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In the oxidation process, which is located between the pyrolysis process and the reduction 

process in the reduction reactor (in Figure 41 named as floating bed reactor), some of the 

pyrolysis products are burned by adding air. Due to the high temperatures that occur, 

almost all of the tar is broken down. The solid carbon from the pyrolysis process forms a 

stable, floating fixed bed in the reduction reactor, through which the gas flows. The 

effective gasification of the biomass takes place in this reduction reactor. In the filter, the 

product gas is cleaned of dust (mainly biochar), which is discharged into a storage 

container. The product gas is cooled in the cooler, whereby the thermal energy is 

transferred to a heat consumer (e.g. district heating network). The product gas is further 

cooled down in a washer where also condensate is removed. The cleaned and cooled 

product gas is fed to a gas engine. The product gas is converted into electricity and heat 

in the gas engine. The generated electricity is fed into the electricity grid and the generated 

heat is supplied to a heat consumer (e.g. district heating network). 122 Table 6 shows the 

data for the different SYNCRAFT CHP plants available on the market. In addition to the 

main products heat and electricity, the product biochar is produced. 

 

Table 6: Data of the different SYNCRAFT CHP plants 123 

Type Unit 

C
W

12
00

-4
00

 

C
W

18
00

-5
00

 

2 
x 

C
W

18
00

-5
00

 

Biomass input 
[kW] 
[kg/h] 124 

1.429 
286 

1.808 
362 

3.527 
705 

Gas output [kW] 125 1.000 1.266 2.469 

Biochar output 
[kW]  126 
[m3/d] 127 

258 
3,5 

325 
4,5 

634 
9,0 

 
122 Cf. (Syncraft, 2023b pp. 1-3) 
123 Cf. (Syncraft, 2022a), Cf. (Syncraft, 2022b), Cf. (Syncraft, 2022c), Cf. (Besendörfer, 2024a), 
     Cf. (Besendörfer, 2024b) 
124 absolutely dry / water-free 
125 for the use in the gas engine 
126 calculated with the following assumption: 
     Biochar output [kW] = Biomass input [kW] – Gas output [kW] – Heat output of gas generation [kW] 
127 moistened 
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Heat output (90 – 95°C) 
… thereof gas generation 
… thereof gas engine 
Heat output (50°C) 

[kW] 
[kW] 
[kW] 
[kW] 

572 
171 
401 
227 

740 
217 
523 
250 

1.404 
424 
980 
500 

Electricity output [kW] 400 500 1.000 

Electricity consumption [kW] 40 40 80 

Personnel expenses [h/d] 128 4 4 4 

Costs for maintenance and 
service in relation to the 
investment costs 

[% / a] 8,0 8,0 8,0 

Minimal partial load in 
relation to the rated output [%] 75 – 80 75 – 80 75 – 80 

Investment costs [EUR] 3.400.000 3.700.000 6.300.000 

 

5.6.3 Biomass CHP plant – STEAMERGY 

Another combined heat and power generation system that will be analyzed in the course 

of this master's thesis is the system from the company STEAMERGY. This system is a 

cascadable steam power process. Figure 42 shows a CHP system with one steam engine. 

 

 
Figure 42: Operating principle of the STEAMERGY CHP plant 129 

 
128 own assumption 
129 (Flemming, 2023b p. 14) (own translation), (Brauwelt, 2024 pp. 165-170) (own translation) 
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The operating principle of the STEAMERGY system corresponds to the Clausius 

Rankine process. In a furnace, the energy source biomass (wood chips) is burned. The 

produced flue gas transfers the heat to a steam generator, which is designed as a liquid 

salt storage tank and is operated at a temperature of approximately 450 to 550 degrees 

Celsius. In a downstream economizer, the flue gas releases a further amount of heat to 

the pressurized feed water. The flue gas is then cleaned by means of a cyclone separator 

and an electrostatic filter before the flue gas enters the chimney using the flue gas fan. 

The heat transferred to the liquid salt storage tank is transferred from the liquid salt to the 

water via a heat exchanger tube. The water in the heat exchanger tube is vaporized and 

superheated in the liquid salt storage tank. The superheated steam is utilized in a piston 

steam engine, which generates electricity with a generator. The steam from the steam 

engine is liquefied in a condenser, whereby the heat extracted from the steam is supplied 

to a heat consumer (e.g. district heating network). After condensation of the steam, the 

pressure is increased in a feed water pump so that the feed water can be preheated in the 

economizer using the residual heat extracted from the flue gas. A significant advantage 

of this system is the unpressurized liquid salt storage tank and the relatively small steam 

volume, which avoids the traditional and costly steam boiler operation. The system can 

be divided into the producer side and the consumer side as shown in Figure 43. The 

producer side, shown in Figure 43 (a), consists of a silo discharge (1), fuel transport 

system (2), furnace (3), hot gas duct (4), liquid salt steam generator (5), economizer (6) 

and an ash removal system (7). The consumer side, shown in Figure 43 (b), consists of a 

steam engine (1), cyclone oil separator (2), fine flow separator (3) and a condenser (4).130 

 

  

                             (a)  (b) 

Figure 43: Components of the STEAMERGY CHP plant 131 

 
130 Cf. (Flemming, 2023b pp. 4-11), Cf. (Nussbaumer, et al., 2020 p. 34),  
     Cf. (Baehr, et al., 2016 pp. 544-550), Cf. (Brauwelt, 2024 pp. 165-170) 
131 Cf. (Flemming, 2023b pp. 10-11), Cf. (Brauwelt, 2024 pp. 165-170) 
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Table 7 shows the data for the various STEAMERGY CHP plants available on the market. 

This system is a conventional CHP system in which heat and electricity are generated 

without any by-products. 

 

Table 7: Data of the different STEAMERGY CHP plants 132 

Type Unit 

 S
ys

te
m

 w
ith

 1
 e

ng
in

e  

 S
ys

te
m

 w
ith

 5
 e

ng
in

es
 

 S
ys

te
m

 w
ith

 1
2 

en
gi

ne
s 

Biomass input [kW] 1.100 5.500 13.200 

Heat output [kW] 750 3.750 9.000 

Electricity output [kW] 200 1.000 2.400 

Electricity consumption [kW] 133 20 100 240 

Personnel expenses [h/wk] 134 1 2 4 

Costs for maintenance and 
service in relation to the 
investment costs 

[% / a] 135 1,5 1,5 1,5 

Minimal partial load in 
relation to the rated output [%] 20 20 20 

Investment costs [EUR] 1.700.000 6.400.000 14.200.000 

 

In addition to the investment costs for the output sizes listed in Table 7, the investment 

costs also for other sizes are known. The investment costs for a system with 2 engines 

amount to 3.000.000 euros, a system with 3 engines to 4.100.000 euros, a system with  

8 engines to 9.800.000 euros and a system with 10 engines to 11.800.000 euros. 136 

 
132 Cf. (Flemming, 2023b pp. 13-14), Cf. (Flemming, 2023a), Cf. (Flemming, 2023c),  
     Cf. (Brauwelt, 2024 pp. 165-170) 
133 own assumption (10 percent of the generated electricity) 
134 according to the web meeting of 18 July 2024 (Mr. DI Duschl, Mr. DI Flemming, Mr. DI Wöss) 
135 according to the web meeting of 18 July 2024 (Mr. DI Duschl, Mr. DI Flemming, Mr. DI Wöss) 
136 Cf. (Flemming, 2023a), Cf. (Flemming, 2023c) 
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5.7 Electric boiler systems

In electric boiler systems, electrical energy is converted into heat. The integration of an

electric boiler system into a district heating system can pursue different objectives.

On the one hand, electric boiler systems as shown in Figure 44 can be used to cover the

peak loads of a district heating network. On the other hand, it is also possible to operate

the electric boiler system during periods with negative electricity prices or to offer the

network operator a control reserve. The peak load coverage would be associated with

high costs and is therefore not considered in this master's thesis.

(a) (b)

Figure 44: Types of electric boiler systems 137

In addition to electric boiler systems, it is also possible to use electric flow heaters or

heat pump systems in district heating networks to cover peak loads and to use

negative electricity prices for the generation of heat as well as to provide a control reserve

for the network operator. In general, it can be said that electric flow heaters have slightly

lower investment costs than electric boiler systems. In contrast, the investment costs for

heat pump systems are considerably higher. 138 This master's thesis focuses only on

electric boiler systems that are used when the electricity price is negative and to provide

a control reserve for the network operator.

137 (Ecotherm, 2023 p. 1)
138 Cf. (Eller, 2015 pp. 13, 109-111), Cf. (Gold, 2017 pp. 8-14), Cf. (Pieper, et al., 2015 pp. 391-393)
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Table 8 shows rounded prices for electric boiler systems with different heat outputs from 

the manufacturer ECOTHERM. 

 

Table 8: Investment costs for different electric boiler systems 139 

Type Heat output [kW] Investment costs [EUR] 

EEII-TS-1000-HA 1.008 113.000 

EEII-TS-1200-HA 1.188 121.000 

EEII-TS-1500-HA 1.512 137.000 

EEII-TS-1750-HA 1.764 161.000 

EEII-TS-2000-HA 2.016 173.000 

EEII-TS-3000-HA 3.024 180.000 

EEII-TS-4000-HA 3.618 346.000 

EEII-TS-5250-HA 4.536 484.000 

EEII-TS-6000-HA 6.048 519.000 
 

To ensure that the electric boiler system can be operated with negative electricity prices 

in general, it is necessary to participate in the day-ahead market. The day-ahead market 

and the intraday market are part of the spot market. The spot market is the short-term 

trading market for physical energy trading transactions to optimize the procurement and 

the sale of electricity volumes for a short period of time. On the day-ahead market, prices 

for hourly products are determined daily in an auction for each hour of the following day. 

The intraday market, on the other hand, is used for short-term trading during the day. 140 

Figure 45 shows the unsorted energy prices on the day-ahead market in Austria for the 

years 2020 to 2023 in chronological order. This figure shows that the prices on the  

day-ahead market are very volatile and highlights the tense situation on the energy market 

in the years 2021 and 2022. Furthermore, the figure shows that the number of hours in 

which there were negative electricity prices on the day-ahead market was very low in the 

last 4 years. Figure 46 shows the energy prices from Figure 45 sorted by their size. 

 
139 Cf. (Ecotherm, 2023 p. 2) 
140 Cf. (Doleski, et al., 2023 p. 321) 
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Figure 45: Unsorted energy prices on the day-ahead market for 2020 to 2023 141

Figure 46: Sorted energy prices on the day-ahead market for 2020 to 2023 142

141 Cf. (APG, 2024a)
142 Cf. (APG, 2024a)
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Table 9 shows characteristic values of the energy prices on the day-ahead market.  

In addition to the minimum energy price and the maximum energy price, the number of 

hours with negative energy prices and the average negative energy price for the  

years 2020 to 2023 are listed. 

 

Table 9: Characteristic values of the energy prices on the day-ahead market 143 

Year 
Minimum  

energy price  
[EUR / MWh] 

Maximal  
energy price 

[EUR / MWh] 

Hours with  
neg. energy prices 

[h] 

Average  
neg. energy price 

[EUR / MWh] 

2020 -77,68 200,04 120 -15,43 

2021 -66,18 620 67 -11,14 

2022 0 919,64 2 0 

2023 -500 437,47 137 -12,56 

 

Another application of the electric boiler system that should be considered is the provision 

of control reserve for the network operator. For this reason, the different control reserves 

will be described in the following section. 

 

In general, it can be said that the frequency in the electricity grid must always be kept at 

50 ± 0,2 Hertz. To ensure that this frequency can be kept within this range, it is necessary 

that the generation corresponds to the consumption and vice versa. In case of a deviation 

between the generation and the consumption, first of all the inertia of the interconnected 

electricity grid (operating reserve, OR) minimizes a frequency deviation. If the frequency 

deviation exceeds a certain level, a cascaded activation of the primary control reserve 

(frequency containment reserves, FCR), the secondary control reserve (automatic 

frequency restoration reserves, aFRR) and the tertiary control reserve (manual frequency 

restoration reserves, mFRR) takes place. In cases where the generation is lower than the 

consumption, the frequency decreases and an additional generation is necessary (positive 

reserve). On the other hand, when the generation is bigger than the consumption, the 

frequency increases and an additional consumption is necessary (negative reserve). 144 

 
143 Cf. (APG, 2024a) 
144 Cf. (Doleski, et al., 2023 pp. 77-78), Cf. (A1, 2024), Cf. (APG, 2024d) 
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The primary control reserve must be fully available within a period of 30 seconds for at 

least 30 minutes and is only remunerated per capacity provided (MW). If the frequency 

deviation still exists, the secondary control reserve is automatically activated as a second 

product. It must be fully available after 5 minutes. The secondary control reserve is 

differentiated into positive and negative secondary control reserve. The remuneration is 

granted both for the capacity provided (MW) and for the energy supplied (MWh). If there 

is still a frequency deviation, the tertiary control reserve is activated manually as the third 

product. It must be fully available after 15 minutes. The tertiary control reserve is divided 

into positive and negative tertiary control reserve, like the secondary control reserve.  

The compensation is carried out in the same way as for the secondary control reserve and 

is based on the capacity provided (MW) and the energy supplied (MWh). The cascaded 

activation of the different control reserves and the characteristics of the different control 

reserves can be seen in Figure 47 and Table 10. 145 

 

 
Figure 47: Cascaded activation of the different control reserves 146 

 

Table 10: Characteristics of the different control reserves 147 

Product FCR aFRR mFRR 

Activation type Automatic, local Automatic, signal Manual, message 

Activation time < 30 s < 5 min < 15 min 

Minimum volume ± 1 MW 1 MW 1 MW 

Direction of delivery Both direction One direction One direction 

Compensation Capacity Capacity, energy Capacity, energy 

 
145 Cf. (APG, 2024d), Cf. (APG, 2024e), Cf. (APG, 2024f), Cf. (APG, 2024g), Cf. (A1, 2024) 
146 (Next Kraftwerke, 2023) (own translation), Cf. (Next Kraftwerke, 2024a) (own translation) 
147 Cf. (Gicevskis, et al., 2023), Cf. (APG, 2024d), Cf. (APG, 2024e), Cf. (APG, 2024f),  
     Cf. (APG, 2024g), Cf. (Doleski, et al., 2023 p. 77), Cf. (A1, 2024), Cf. (E-Control, 2024) 
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Table 10 shows that the primary control reserve only allows symmetrical deliveries, 

which means that an electric boiler cannot be used to offer a primary control reserve. 

According to Table 10, an electric boiler can only be used to offer secondary control 

reserve and tertiary control reserve. In contrast to the tertiary control reserve, the primary 

control reserve is activated very frequently. A frequent activation of the primary control 

reserve means that in addition to the capacity price, the energy price – in the event of a 

negative energy price – can be obtained, resulting in several advantages for a supplier of 

district heat, because 

 

1. the provision of negative reserve capacity results in a capacity price that can be 

obtained, 148 

2. the heat generation costs are covered by the energy price if energy is supplied  

as a result of a capacity request, 149 

3. the heat generated is sold to the heat customers under the conditions specified in 

the heat supply contracts,  150 

4. other energy resources can be saved and the residual heat demand can be covered 

by cheaper energy sources in accordance with the internal merit order principle, 

which reduces the supplier's heat generation costs while the remuneration paid by 

the end consumers remains the same. 151 

 

But also, a moderate positive energy price can be beneficial for the supplier of district 

heat if the heat generation costs are lower than the heat generation costs of the other 

energy sources used. Figure 48 shows the unsorted capacity prices and the unsorted 

energy prices for primary control reserve in Austria for the year 2023 in chronological 

order. The unsorted capacity prices correspond to the weighted average capacity prices 

of the awarded capacities on a daily basis, whereby the unsorted energy prices correspond 

to the weighted average energy prices of the requested energy on a daily basis. Figure 49 

shows the capacity prices from Figure 48 sorted by their size as well as the associated 

energy prices and the cumulative average energy price. In this context, it should also be 

mentioned that all control reserves are awarded on the basis of tenders. 

 
148 Cf. (Pieper, et al., 2015 p. 397) 
149 Cf. (Pieper, et al., 2015 p. 397) 
150 Cf. (Pieper, et al., 2015 p. 397) 
151 Cf. (Pieper, et al., 2015 p. 397) 
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Figure 48: Unsorted performance and energy prices for aFRR for 2023 152

Figure 49: Sorted performance price and associated energy prices for aFRR for 2023 153

152 Cf. (APG, 2024b), Cf. (APG, 2024c)
153 Cf. (APG, 2024b), Cf. (APG, 2024c)
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5.8 Solar thermal systems 

The generation and use of solar thermal heat for a district heating network can be realized 

in different ways according to Figure 50. A first distinction is whether the heat is 

generated by a central collector field or by several decentralized collector fields.  

Another differentiation is the way in which the generated heat from the solar collectors is 

used or stored. In addition to the direct use without a large storage, there are also systems 

in which the generated heat from the collectors is stored for a longer period of time. 154 

 

  

 

(a)     (b) 

Figure 50: Generation and usage of solar thermal energy in a district heating network 155 

 

In Figure 51, a simplified layout of a heat source in combination with a solar thermal 

system can be seen. A system that uses solar thermal heat consists in general of a heat 

source, a solar thermal system and a thermal storage. In this figure, the generated heat is 

used directly for space heating and domestic hot water preparation using a thermal 

storage. Furthermore, it is also possible that the heat generated by a boiler and a solar 

thermal system is fed into a district heating network that supplies heat to heat consumers. 

The dimensioning of the boiler, the solar thermal field and the thermal storage are 

dependent on the amount of heat that should be generated by the boiler system and the 

amount of heat that should be generated by the solar thermal system. In this context, it 

should be mentioned that the use of solar thermal energy is not limited to space heating 

and domestic hot water preparation. In addition to the provision of space heat and 

domestic hot water, a solar thermal system can also be used to provide heat at high 

temperatures for industry or heat at low temperatures for swimming pools. 156 

 
154 Cf. (SDH, 2017 p. 6), Cf. (Bollin, et al., 2013 pp. 85-89), Cf. (Hauer, et al., 2013 pp. 71-84) 
155 (SDH, 2017 p. 6) 
156 Cf. (Schabbach, et al., 2021 p. 3), Cf. (Quaschning, 2022 p. 109), 
     Cf. (Sterner, et al., 2017 pp. 736-744) 
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Figure 51: Layout of a solar thermal system 157 
 

As already mentioned, a solar thermal system can provide thermal energy at low 

temperatures for swimming pools as well as thermal energy at high temperatures for the 

industry. The main difference between solar thermal systems for the different temperature 

levels is the collector that is used to convert the solar irradiation into heat energy. 

Figure 52 and Figure 53 show the different available collector types. 

 

  

(a) (b) 

Figure 52: Types of solar thermal collectors 158 

 

   

(a) (b)    (c) 

Figure 53: Types of solar thermal collectors 159 

 
157 (Schabbach, et al., 2021 p. 3) (own translation) 
158 (a) Swimming-pool collector, (b) Flat-plate collector, (Stryi-Hipp, et al., 2015 p. 19) 
159 (a) Vacuum-tube collector, (b) Sidney vacuum tube collector,  
     (c) Sidney vacuum tube collector with flow in concentric tubes, (Stryi-Hipp, et al., 2015 p. 20) 
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The reason why the collectors shown are used for different temperature levels is the 

conversion efficiency that can be achieved. The efficiency of a collector is generally 

defined according to equation (5.11). 

 η!,) = q�E  160 (5.11) 

 
With the following meanings:  
 

 

η!,) Efficiency of the solar collector in %  q� Specific performance in W/m2  E Irradiance in W/m2  

 

To be able to define the efficiency of a collector precisely, it is always necessary to specify 

the area to which the efficiency is related. In addition to the collector gross area and the 

aperture area, the absorber area can be used to define the efficiency. Figure 54 shows the 

difference between the areas of a flat-plate collector (a) and a vacuum-tube collector (b). 

 

  

(a) (b) 

Figure 54: Definition of the different collector areas 161 

 

The efficiency of a collector depends mainly on the construction and the operating mode 

and can be calculated according to equation (5.12) and equation (5.13), considering the 

different areas. In equation (5.12), only the collector gross area and the absorber area are 

mentioned for the efficiency.  

 
160 (Weyres-Borchert, et al., 2015 p. 31) 
161 (Stryi-Hipp, et al., 2015 p. 18) 
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Nevertheless, it is also possible to refer the efficiency to the aperture area. 

 

η!,),%//� 0 = η�,%//� 0 − α�,%//� 0 ∙ ΔϑE − α�,%//� 0 ∙ Δϑ�E  162 (5.12) 

Δϑ = ϑ* − ϑ� (5.13) 
 
With the following meanings:  
 

 

η!,),%//� 0 Efficiency of the solar collector related to the collector gross area 

or the absorber area in %  

η�,%//� 0 Optical efficiency related to the collector gross area or the 

absorber area in %  

α�,%//� 0 Linear heat loss coefficient related to the collector gross area or 

the absorber area in W/m2⋅K  

α�,%//� 0 Squared heat loss coefficient related to the collector gross area or 

the absorber area in W/m2⋅K2  

E Irradiance in W/m2  Δϑ Temperature difference in K  ϑ* Mean absorber temperature in °C  ϑ� Ambient temperature in °C  

 

The specific performance and the efficiency of a collector can be demonstrated 

graphically as a function of the temperature difference between the absorber and the 

ambient according to equation (5.13) and the irradiation. In Figure 55 the specific 

performance of a flat-plate collector as a function of the irradiation and the temperature 

difference is shown.  

 

 
162 (Weyres-Borchert, et al., 2015 p. 32), (Weiss, 2023 pp. 64-65) 
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Figure 55: Specific performance of a flat-plate collector 163 

 

The efficiency of a collector depends on the temperature difference between the absorber 

and the ambient, the irradiance, as well as on other coefficients like the optical efficiency, 

the linear and squared heat loss coefficient. The optical efficiency as well as the linear 

and squared heat loss coefficient depend only on the collector design. Table 11 shows the 

various factors, the production effort and the application of the different collector designs. 

 

Table 11: Properties of the different collector types 164 

 
 

163 (Weyres-Borchert, et al., 2015 p. 36) (own translation) 
164 (Stryi-Hipp, et al., 2015 p. 21) 
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The global irradiation of the sun, the area of the solar thermal system, the efficiency of 

the solar thermal system and the system efficiency results in the solar energy yield 

according to equation (5.14). 

 Q0,)�/,*/� = G*/� ∙ A%//� 0 ∙ η!,),%//� 0 ∙ η040 165 (5.14) 

 
With the following meanings:  
 

 

Q0,)�/,*/� Solar energy yield in kWh/month or kWh/year  G*/� Global irradiation in kWh/m2⋅month or kWh/m2⋅year  A%//� 0 Total collector gross area or total absorber area in m2  η!,),%//� 0 Efficiency of the solar collector related to the collector gross area 
or the absorber area in %  η040 Efficiency of the system in %  

 

In this master's thesis, only the direct use of the generated solar thermal heat in the district 

heating network is analyzed. The direct use of the generated heat has several advantages. 

On the one hand, there is no need to install a large-volume heat storage system, which 

means that there are no investment costs for a seasonal storage. On the other hand, the 

direct use of the solar thermal energy in the summer enables a relatively simple 

autonomous operation without any other heat sources, as the largest amount of heat can 

be harvested with the solar thermal collectors in summer, as shown in Figure 56.  

 

The data in Figure 56 correspond to the monthly average global irradiation for the years 

2005 to 2020 for the location at a latitude of 48,300° and a longitude of 14,300° at an 

inclination angle of 33° using the PVGIS-SARAH2 model. From this figure it can be seen 

that the global irradiation and therefore the solar yield is highest in the summer months. 

In Figure 57, Figure 58 and Figure 59, the monthly global irradiation is allocated to 

groups. These figures also show that the proportion of the annual global irradiation is 

higher for the groups that are closer to the summer months. 

 

 
165 (Weyres-Borchert & Kasper, 2015, p. 31), (Weiss, 2023, pp. 64-65) 
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Figure 56: Monthly average of the global irradiation 166

Figure 57: Monthly average of the global irradiation in a six-group allocation 167

166 Cf. (GSA, 2024)
167 Cf. (GSA, 2024)
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Figure 58: Monthly average of the global irradiation in a triple-group allocation 168 

 

 
Figure 59: Monthly average of the global irradiation in a dual-group allocation 169 

 

 
168 Cf. (GSA, 2024) 
169 Cf. (GSA, 2024) 
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The investment costs for ground-mounted solar thermal collector systems can be assumed 

to be around 350 – 550 euros per m2 of collector area (for 10.300 m2 resp. 1.300 m2 of 

collector area), whereby around 2 – 2,5 m2 of land is required per m2 of collector area.  

To ensure a reliable operation of the solar thermal system, a buffer volume of 

approximately 100 – 200 liters per m2 of collector area is required, with investment costs 

for the buffer tank of approximately 380 – 750 euros per m3 of storage volume  

(for 2.000 m3 resp. 400 m3 storage volume). The operating costs for the solar thermal 

systems can be assumed to be around 5 euros per megawatt hour generated. Depending 

on the operating parameters of the solar thermal system, a yield of around 390 – 490 kWh 

per m2 of collector area can be expected. 170 Based on the above-mentioned framework 

conditions and on previous enquiries, Table 12 shows initial designs for solar thermal 

systems to cover the summer load of heating plants of different sizes. 

 

Table 12: Initial designs of solar thermal systems to cover the summer load 171 
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Haid  4.550 MWh 20 % 10.270 m2 2.000 m3 EUR 4.355.000 

Asten 4.000 MWh 30 % 10.270 m2 2.000 m3 EUR 4.355.000 

Marchtrenk 2.120 MWh 22 %  5.270 m2 800 m3 EUR 2.420.000 

Puchenau 1.410 MWh 15 % 3.030 m2 400 m3 EUR 1.540.000 

Steyregg 1.530 MWh 22 % 3.560 m2 500 m3 EUR 1.760.000 

Tragwein 1.180 MWh 28 %  2.770 m2 400 m3 EUR 1.430.000 
 

In addition to the direct use of the generated heat from the solar thermal collectors in the 

district heating network, it is also possible to store this heat in a seasonal storage. For the 

long-term storage of heat, it is possible to use different types of seasonal storages.  

 
170 Cf. (Temper, 2024b), Cf. (Schramm, 2024) 
171 Cf. (Temper, 2024b), Cf. (Temper, 2024a) 
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The seasonal storage can optionally be equipped with a heat pump, as shown in  

Figure 60. If the storage temperature is too low to use the heat directly in the district 

heating network the heat pump can raise the temperature of the heat from the storage tank 

to a higher temperature so that it can be used in the district heating network.  

 

 
Figure 60: Concept of BIG Solar Graz 172 

5.9 Flue gas condensation systems 

Another technology that will be roughly mentioned in this master's thesis due to its 

potential, but will not be discussed in detail, is the flue gas condensation. In principle, the 

flue gas condensation is not an independent energy system, especially as the flue gas 

condensation can only be operated with a furnace. Nevertheless, there is a high potential 

for this technology, as it can be used to increase the efficiency of existing furnaces that 

are not currently equipped with a flue gas condensation system. By increasing the 

efficiency, the heat output of a furnace can be increased when the fuel input remains the 

same, or the fuel input can be reduced when the heat output of the furnace remains the 

same. To achieve the goal of a renewable district heat generation in the future, it will be 

necessary to increase the efficiency of existing systems in addition to implementing 

renewable energy sources and renewable energy systems. Figure 61 shows the furnace 

efficiency of a biomass boiler (related to the lower calorific value) as a function of the 

flue gas temperature when using wood with different water contents (w) for combustion 

at different excess air ratios (λ). The figure shows that the reduction of the flue gas 

temperature and the excess air ratio results in an increase in the furnace efficiency. 173 

 
172 (Reiter, et al., 2016) 
173 Cf. (Averfalk, et al., 2021 pp. 36-37) 
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Figure 61: Furnace efficiency of a biomass boiler 174 

 

With a continuous reduction of the flue gas temperature at a specific water content and a 

specific excess air ratio, a certain flue gas temperature will be reached, the so-called dew 

point temperature of the flue gas, from which on the efficiency of the furnace increases 

over-proportionally to the temperature reduction of the flue gas. At this point, the 

moisture contained in the flue gas begins to condense. As the temperature reaches and 

falls below the dew point temperature, it is possible to extract the latent heat in addition 

to the sensible heat. The fact that the latent heat is considerably higher than the sensible 

heat results in an over-proportional increase in the efficiency. The figure could lead to the 

conclusion that a higher furnace efficiency can be reached by using a fuel with a higher 

water content. In this context, it should be mentioned that this diagram is related to the 

lower calorific value. The definition of the lower calorific value assumes that there is no 

condensation of the flue gas. In contrast, the upper calorific value is defined assuming 

that the flue gas is condensed. Therefore, it can be deduced that the lower calorific value 

of a wet fuel is lower than the upper calorific value of a wet fuel, that the lower calorific 

value of a wet fuel is always lower than the lower calorific value of a dry fuel and that 

the upper calorific value of a fuel is independent of the water content of the fuel. If the 

diagram would be related to the upper calorific value, the efficiency would appear 

independent of the moisture content. 175 

 
174 (Averfalk, et al., 2021 p. 36) 
175 Cf. (Averfalk, et al., 2021 pp. 36-37), Cf. (Good, et al., 2022 pp. 32-33, 59-60, 157-164) 
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5.9.1 Passive flue gas condensation systems

One way to use the latent condensation heat is to install a passive flue gas condensation

system. The passive flue gas condensation system is a heat exchanger in which the

condensation can take place and which is also suitable for a condensing operation. This

option is also the simplest possibility from a technical point of view. 176

To ensure that this condensation heat can be used, the return flow of the district heating

network must be around 5 to 10 degrees Celsius according to (Averfalk, et al., 2021) or

around 2 to 4 degrees Celsius according to (Good, et al., 2022) below the dew point

temperature of the flue gas. According to Figure 61, the dew point temperature of the flue

gas can be between 52 and 64 degrees Celsius, depending on the water content of the fuel

and the excess air ratio used for the combustion process. 177

For an initial estimation, the rough rule of thumb is that the heat recovery rate is increased

by one percent if the flue gas is cooled down by one Kelvin within the condensation range.

The way in which the flue gas condensation system is integrated hydraulically has a

significant influence on the benefits of the flue gas condensation system. 178

Figure 62 shows passive flue gas condensation system of different sizes.

(a) (b) (c) (d)

Figure 62: Different systems for passive flue gas condensation 179

176 Cf. (Averfalk, et al., 2021 pp. 36-37), Cf. (Good, et al., 2022 pp. 59-60)
177 Cf. (Averfalk, et al., 2021 pp. 36-37), Cf. (Good, et al., 2022 pp. 59-60)
178 Cf. (Good, et al., 2022 pp. 158-160)
179 (Pretzl, 2023 pp. 7-8)
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5.9.2 Active flue gas condensation systems 

For cases where the return temperature of the district heating network cannot be reduced 

to a level at which flue gas condensation occurs or occurs only in insufficient quantities, 

the use of a heat pump in the flue gas path should be considered. The heat pump extracts 

sensible and latent heat or only latent heat from the flue gas at a low temperature level 

and raises the heat to a higher temperature level. In addition to compression heat pumps, 

which are driven by mechanical energy (e.g. by an electric engine), it is also possible to 

use absorption heat pumps, which are driven by thermal energy. In addition to the type of 

the heat pump, it is necessary to consider other parameters for the implementation of a 

heat pump in the flue gas path, such as the number of heat pumps and the hydraulic 

integration. 180 Figure 63 shows a possible integration of a heat pump system into the flue 

gas path to ensure condensation of the moisture contained in the flue gas. 

 

 
Figure 63: System for active flue gas condensation 181 
 

The energy efficiency of heat pumps is one of the most important factors for the selection 

as well as the operation and can be calculated for compression heat pumps according to 

equation (5.15) and for absorption heat pumps according to equation (5.16). 

 
180 Cf. (Good, et al., 2022 pp. 160-164) 
181 (Ochsner, 2024 pp. 20-21) (own translation) 
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COP = Q̇1&P  182 (5.15) 

ζ = Q̇� + Q̇
Q̇�  183 (5.16) 

 
With the following meanings:  
 

 

COP Coefficient of performance (unitless)  Q̇1& Heat output at the condenser in kW  P Power input of the compressor in kW  ζ Heat ratio (unitless)  Q̇� Heat output at the condenser in kW  Q̇
 Heat output at the absorber in kW  Q̇� Heat input at the desorber in kW  

 

The theoretical achievable efficiency (Coefficient of performance and Heat ratio) of a 

heat pump is physically limited by the Carnot-process and can be calculated according to 

equation (5.17). It can be seen from the equation that the maximum efficiency depends 

only on the temperature levels of the source and sink. To ensure a high efficiency of the 

heat pump, a low temperature difference between the sink and source is necessary. 184  

 

COP��/+,1 = ζ��/+,1 = T�'+(T�'+( − T�,2/!#  185 (5.17) 

 
With the following meanings:  
 

 

COP��/+,1 Coefficient of performance for the Carnot-process (unitless)  ζ��/+,1 Heat ratio for the Carnot-process (unitless)  

 
182 Cf. (Maurer, 2016 p. 61), Cf. (Sobotta, 2022 p. 78), Cf. (Bonin, 2023 pp. 52-53),  
     Cf. (Keller, et al., 2021 pp. 79-80), Cf. (Bongs, et al., 2013 pp. 20-21) 
183 Cf. (Maurer, 2016 pp. 121, 125) 
184 (Averfalk, et al., 2021 p. 33), (Good, et al., 2022 p. 160) 
185 (Averfalk, et al., 2021 p. 32), Cf. (Maurer, 2016 p. 43) 
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T�'+( Temperature of the heat sink in K  T�,2/!# Temperature of the heat source in K  

 

The equation (5.17) can be represented as a function of the temperature of the heat sink 

and the temperature of the heat source in a diagram as shown in Figure 64. 

 

 
Figure 64: COP for the Carnot-process as a function of sink and source temperature 186 

 

Based on practical surveys of heat pumps, the relationship between the theoretical and 

real coefficient of performance can be defined according to equation (5.18).  

 COP�#�) = K ∙ COP��/+,1 187 (5.18) 

 
With the following meanings:  
 

 

COP�#�) Coefficient of performance for the real process (unitless)  K Quality grade from 0,4 to 0,6 (unitless)  COP��/+,1 Coefficient of performance for the Carnot-process (unitless)  

 
186 (Averfalk, et al., 2021 p. 33) 
187 Cf. (Keller, et al., 2021 p. 80), Cf. (Good, et al., 2022 p. 161) 
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5.10 Systems for heat utilization from other heat sources 

In addition to the systems for heat generation and heat utilization that have already been 

mentioned, there are also other systems such as the use of geothermal energy and the use 

of waste heat, which will only be briefly mentioned here. 

5.10.1 Systems for heat utilization from geothermal heat sources 

Another possible heat source is geothermal energy, as shown in Figure 65. 

 

 
Figure 65: Principle of geothermal heat utilization in district heating systems 188 

 

As shown in Figure 65, the geothermal energy can be used to generate heat directly for a 

district heating network when the temperature of the geothermal reservoir is high enough. 

For cases where the temperature of the geothermal reservoir is too low, the geothermal 

energy can be used as a heat source for a heat pump. The heat pump raises the heat to a 

higher temperature level that is suitable for the district heating system. Another possibility 

is the use of the geothermal well for a combined generation of heat and electricity. 189 

 
188 (Wien Energie, 2024) (own translation) 
189 Cf. (Good, et al., 2022 pp. 166-168), Cf. (Nussbaumer, et al., 2020 pp. 27-29), 
     Cf. (Schmitz, et al., 2004 pp. 210-215) 
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5.10.2 Systems for heat utilization from wastewater 

The use of waste heat from wastewater is another possible heat source, as shown in  

Figure 66. The temperature of the wastewater is in general too low for the direct use in a 

district heating network, so that the available heat must be raised to a higher temperature 

by using a heat pump. 190 

 

 
Figure 66: Principle of wastewater heat utilization in district heating systems 191 

 

5.10.3 Systems for heat utilization from other (waste) heat sources 

There are also heat sources such as industrial waste heat, waste heat from refrigeration 

systems and heat from bodies of water (e.g. groundwater, seawater or river water), which 

can be used either directly or via heat pumps in district heating networks, depending on 

the temperature level of the individual heat source and the temperature level of the 

individual district heating network. 192 

  

 
190 Cf. (Good, et al., 2022 pp. 166-168), Cf. (Nussbaumer, et al., 2020 pp. 27-29) 
191 (Wien Energie, 2022a) (own translation) 
192 Cf. (Good, et al., 2022 pp. 166-168), Cf. (Nussbaumer, et al., 2020 pp. 27-29) 
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5.11 Fundamentals of investment calculation 

The aim of the investment calculation is to determine the heat generation costs of the 

different renewable energy systems. For this reason, the following chapter will explain 

all the principles that have been used to carry out the investment calculations.  

 

To understand the principle of investment calculation, it is also necessary to be familiar 

with the term “investment”. For the term “investment”, there are various definitions, 

whereas the following definitions demonstrate the principle of an investment clearly: 

 

“The investment is characterized by the fact that a disbursement at time t = 0  

(that would be the investment) causes various related subsequent payments of 

any size in the period t = 1 ... T.” 193 

 

“An investment is a cash flow that begins with a disbursement and is expected 

to result in inflows or a reduction in outflows in the future. “ 194 

 

The principle of an investment, which consists of a disbursement A0 at the time t = 0 and 

the associated subsequent payments Z1 to ZT (that can be revenues or disbursements) of 

any amount, is shown in Figure 67. 

 

 
Figure 67: Principle of an investment 195 

 
193 (Krimmling, 2018 p. 3) (own translation) 
194 (Müller, 2013 p. 403) (own translation) 
195 (Krimmling, 2018 p. 4) 
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To assess investments in monetary terms, there are static and dynamic  

investment calculation methods. In static investment calculation methods, the time  

at which the payments occur is not or only insufficiently considered.  

In dynamic investment calculation methods, on the other hand, the time at which the 

payments occur is considered. The interest effect and therefore the actual value of the 

payments is taken into account by compounding and discounting the payments.  

For more complex investments that extend over a longer period, dynamic investment 

calculation methods should be used. 196  

 

The dynamic investment calculation methods include the net present value method, the 

dynamic amortization method, the internal interest flow method, the annuity method and 

the method of complete financial plans. 197 In this master's thesis, the net present value 

method in combination with the annuity method is used. 

 

In the net present value method as well as in the annuity method, all payments  

(that can be revenues or disbursements) within the observation period are discounted to 

the time t0, as shown in Figure 68. 

 

  
Figure 68: Principle of discounting of revenues and disbursements 198 

 
196 Cf. (Notger, et al., 2017 p. 128), Cf. (Krimmling, 2018 p. 9), Cf. (Müller, 2013 p. 421) 
197 Cf. (Notger, et al., 2017 p. 129), Cf. (Krimmling, 2018 p. 10), Cf. (Müller, 2013 p. 408) 
     Cf. (Hering, 2014 p. 2) 
198 (Krimmling, 2018 pp. 4, 12) (own adaptation), Cf. (Notger, et al., 2017 p. 133) 
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The discounting to time t0 of a payment that occurred at time t can be carried out by using 

equation (5.19). 

 

Z1,"'0!,2+1#" = Z1 ∙ 1(1 + i)1  199 (5.19) 

 
With the following meanings:  
 

 

Z1,"'0!,2+1#" Net present value of the payment Zt at time t0 (currency unit)  Z1 Payment Zt at time t (currency unit)  i Discount rate in %  t Time t from t = 1 to T  

 

The sum of all net present values of all payments according to equation (5.19) and the 

disbursement at time t0 results in the net present value according to equation (5.20). 

 

NPV = r Z�)),"'0!,2+1#" = −A� + r Z1 ∙ 1(1 + i)1�
1��  200 (5.20) 

 
With the following meanings:  
 

 

NPV = r Z�)),"'0!,2+1#" Net present value of all payments at time t0  
(currency unit)  A� Disbursement at time t0 (currency unit)  T Observation period  Z1 Payment Zt at time t (currency unit)  i Discount rate in %  t Time t from t = 1 to T  

 

 

 
199 Cf. (Krimmling, 2018 p. 12), Cf. (Notger, et al., 2017 p. 133) 
200 Cf. (Krimmling, 2018 p. 12), Cf. (Notger, et al., 2017 p. 133) 
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By distributing the net present value calculated according to equation (5.20) over the 

entire observation period, considering the discount rate, the annuity is obtained as shown 

in Figure 69. 201 

 

 
Figure 69: Principle of an annuity 202 

 

The annuity is calculated according to the equations (5.21), (5.22) and (5.23). 

 q = 1 + i 203 (5.21) 

a = i1 − (1 + i)�� = q� ∙ (q − 1)q� − 1  204 (5.22) 

A = a ∙ NPV 205 (5.23) 

 
With the following meanings:  
 

 

q Discount rate factor in %  i Discount rate in %  a Annuity factor (unitless)  T Observation period  A Annuity (currency unit)  NPV Net present value of all payments at time t0 (currency unit)  

 
201 Cf. (Müller, 2013 p. 430), Cf. (Krimmling, 2018 pp. 13-14) 
202 (Krimmling, 2018 pp. 4, 14) (own adaptation) 
203 Cf. (Müller, 2013 p. 422) 
204 Cf. (Müller, 2013 pp. 423-424), Cf. (Krimmling, 2018 p. 14) 
205 Cf. (Müller, 2013 pp. 423-424), Cf. (Krimmling, 2018 p. 14) 
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5.11.1 Division of the total heat provision costs 

The costs that occur with the provision of heat to an end customer can be roughly divided 

into heat generation costs, heat storage costs and heat distribution costs. 206 

5.11.1.1 Heat generation costs 

The heat generation costs (also called long-run generation costs in Chapter 5.11.2) are the 

costs that are associated with the generation of the heat. In addition to the investment 

costs, also the costs for the operation of the heat generation systems must be considered 

in the calculation. In the master's thesis, only these costs will be calculated, assuming that 

the balance limit between the heat generation costs and the other costs is the outlet of the 

heat generation system. The calculation of the heat storage costs and the heat distribution 

costs can also be carried out on the basis of the presented dynamic investment calculation 

methods. In some systems (such as the pyrolysis plants and the combined heat and power 

plants), also other products (e.g. electricity and biochar) are generated in addition to heat. 

The heat generation costs are calculated on the basis of the residual value method.  

All revenues from the products generated in addition to heat (e.g. electricity and biochar) 

are deducted from the costs. The remaining costs must be covered by the sale of heat. 207 

5.11.1.2 Heat storage costs 

The heat storage costs are the costs that are associated with the long-term storage of heat 

(e.g. seasonal storage of heat). In addition to the costs for the investment and the operation 

of the heat storage system, also the costs associated with storage losses must be 

considered in the calculation. 

5.11.1.3 Heat distribution costs 

The heat distribution costs are the costs that are associated with the investment costs for 

the erection and the operation of the district heating network as well as the house 

substations. Due to the balance limit that was chosen in the master's thesis, all heat losses 

of the district heating network must be considered in the heat distribution costs. 208 

 
206 Cf. (Konstantin, et al., 2022 pp. 136-143) 
207 Cf. (Konstantin, et al., 2022 pp. 150-156) 
208 Cf. (Konstantin, et al., 2022 pp. 142-143) 
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5.11.2 Fundamentals of long-run generation costs 

Based on the approaches that have already been presented, the following section will 

describe the calculation of the long-run generation costs. According to (VDI, 2012), costs 

can be divided into four categories. 209 Table 13 shows the cost categories and cost types 

according to (VDI, 2012).  

 

Table 13: Cost groups and cost types 210 

Capital-related 
costs 

Demand-related  
costs 

Operation-related  
costs 

Other 
costs 

Technical installations, e.g.:  

• heat generator 
• radiators 
• ventilators 
• drive motors etc. 

Structural installations, e.g.: 

• equipment rooms  
• smokestacks 
• noise protection  
• thermal insulation  
• connection costs 

Energy costs 

• basic price 
• working price 

Costs for auxiliary energy 

Costs for operating material 

• lubricants 
• additives 
• chemicals etc. 

Operating 

Cleaning 

Maintaining 

Inspecting 

Repairing 

Planning costs 

Insurance 

Taxes 

General levies 

Administration costs 

Profit and loss 

Dismantling and 
disposal costs 

 

The net present value and the annuity of the capital-related costs can be calculated with 

the equations (5.24) and equation (5.25). 

 

NPV�,� = oA� + r A*+
*�� − R�q (5.24) 

A�,� = oA� + r A*+
*�� − R�q ∙ a 211 (5.25) 

 
With the following meanings:  
 

 

NPV�,� Net present value of the capital-related costs (currency unit)  

 
209 Cf. (VDI, 2012 pp. 21, 29) 
210 (VDI, 2012 p. 29) 
211 (Krimmling, 2018 pp. 13-16), (VDI, 2012 pp. 16-20) 
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A� Initial investment (currency unit)  A* Net present value of the replacement m (currency unit)  n Total number of replacements in the observation period (unitless)  R� Net present value of the residual value (currency unit)  A�,� Annuity of the capital-related costs (currency unit)  a Annuity factor (unitless)  

 

The net present value of the replacements is calculated using equation (5.26),  

equation (5.27) and equation (5.28). 

 q = 1 + i 212 (5.26) r = 1 + j 213 (5.27) 

A* = A� ∙ r*∙�xq*∙��  214 (5.28) 

 
With the following meanings:  
 

 

q Discount rate factor in %  i Discount rate in %  r Price change factor in %  j Price change in %  A* Net present value of the replacement m (currency unit)  A� Initial investment (currency unit)  m Number of replacement in the observation period (unitless)  T� Service life of the component being replaced  

 

 

 
212 Cf. (Müller, 2013 p. 422) 
213 (Krimmling, 2018 pp. 13-16), (VDI, 2012 pp. 16-20) 
214 (Krimmling, 2018 pp. 13-16), (VDI, 2012 pp. 16-20) 
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The net present value of the residual value is calculated using the following  

equation (5.29). 

 

R� = A� ∙ r+∙�x ∙ (n + 1) ∙ T� − TT� ∙ 1q�  215 (5.29) 

 
With the following meanings:  
 

 

R� Net present value of the residual value (currency unit)  A� Initial investment (currency unit)  r Price change factor in %  n Total number of replacements in the observation period (unitless)  T� Service life of the component being replaced  T Observation period  q Discount rate factor in %  

 

The annuity factor is calculated according to equation (5.30). 

 

a = i1 − (1 + i)�� = q� ∙ (q − 1)q� − 1 = q − 11 − q�  216 (5.30) 

 
With the following meanings:  
 

 

a Annuity factor (unitless)  i Discount rate in %  T Observation period  q Discount rate factor in %  

 

The price-dynamic net present value factor is calculated according to equation (5.31)  

and equation (5.32).   

 
215 (Krimmling, 2018 pp. 13-16), (VDI, 2012 pp. 16-20) 
216 Cf. (Müller, 2013 pp. 423-424), Cf. (Krimmling, 2018 p. 14), (VDI, 2012 pp. 16-20) 
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b = 1 − v/.w�q − r      for r ≠ q   217 (5.31) 

               b = Tq     for r = q   218 (5.32) 

 
With the following meanings:  
 

 

b Price-dynamic net present value factor (unitless)  r Price change factor in %  q Discount rate factor in %  T Observation period  

 

The net present value and the annuity of the demand-related costs can be calculated with 

the equations (5.33) and (5.34). 

 NPV�,� = A�� ∙ b (5.33) A�,� = A�� ∙ a ∙ b   219 (5.34) 

 
With the following meanings:  
 

 

NPV�,� Net present value of the demand-related costs (currency unit)  A�� Demand-related costs in the first year (currency unit)  b Price-dynamic net present value factor (unitless)  A�,� Annuity of the demand-related costs (currency unit)  a Annuity factor (unitless)  

 

The demand-related costs in the first year can be calculated using equation (5.35), 

whereby adjustments must be made depending on the application.   

 
217 (Krimmling, 2018 pp. 13-16), (VDI, 2012 pp. 16-20) 
218 (Krimmling, 2018 pp. 13-16), (VDI, 2012 pp. 16-20) 
219 (Krimmling, 2018 pp. 13-16), (VDI, 2012 pp. 16-20) 
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A�� = Q�,�#�1 ∙ Price�#�1         +  Q�,�2#) ∙ Price�2#)         +  Q�,�,)" ∙ Price�,)"                           +  Q�,�)#!1/'!'14 ∙ Price�)#!1/'!'14                      +  Q�,��1#/ ∙ Price��1#/   220 

(5.35) 

 
With the following meanings:  
 

 

A�� Demand-related costs in the first year (currency unit)  Q�,�#�1 Energy effort for heating (quantity unit)  Price�#�1 Price for heating (currency unit per quantity unit)  Q�,�2#) Fuel input (quantity unit)  Price�2#) Price for fuel (currency unit per quantity unit)  Q�,�,)" Energy effort for cooling (quantity unit)  Price�,)" Price for cooling (currency unit per quantity unit)  Q�,�)#!1/'!'14 Electricity input (quantity unit)  Price�)#!1/'!'14 Price for electricity (currency unit per quantity unit)  Q�,��1#/ Water input (quantity unit)  Price��1#/ Price for water (currency unit per quantity unit)  

 

The net present value and the annuity of the operation-related costs can be calculated with 

the equations (5.36), (5.37) and (5.38). 

 NPV�,� = A�� ∙ b� + A�� ∙ b�� (5.36) A�,� = A�� ∙ a ∙ b� + A�� ∙ a ∙ b��   221 (5.37) A�� = A� ∙ nf�+01 + f�
�+0-p             222 (5.38) 

  
 

220 (Krimmling, 2018 pp. 13-16), (VDI, 2012 pp. 16-20) 
221 (Krimmling, 2018 pp. 13-16), (VDI, 2012 pp. 16-20) 
222 (Krimmling, 2018 pp. 13-16), (VDI, 2012 pp. 16-20) 
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With the following meanings:  
 NPV�,� Net present value of the operation-related costs (currency unit)  A�� Operation-related costs in the first year for actual operation 

(currency unit)  

b� Price-dynamic net present value factor for operation-related costs 
(unitless)  

A�� Operation-related costs in the first year for maintenance  
(currency unit)  b�� Price-dynamic net present value factor for maintenance (unitless)  A�,� Annuity of the operation-related costs (currency unit)  a Annuity factor (unitless)  A� Initial investment (currency unit)  f�+01 Factor for repair effort (unitless)  f�
�+0- Factor for servicing and inspection effort (unitless)  

 

The net present value and the annuity of the other costs can be calculated with the 

equations (5.39) and (5.40). 

 NPV�,� = A�� ∙ b� (5.39) A�,� = A�� ∙ a ∙ b�   223 (5.40) 

 
With the following meanings:  
 

 

NPV�,� Net present value of the other costs (currency unit)  A�� Other costs in the first year (currency unit)  b� Price-dynamic net present value factor for other costs (unitless)  A�,� Annuity of the other costs (currency unit)  a Annuity factor (unitless)  

 
223 (Krimmling, 2018 pp. 13-16), (VDI, 2012 pp. 16-20) 
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The net present value and the annuity of the revenues can be calculated with the  

equations (5.41) and (5.42). 

 NPV�,� = E� ∙ b� (5.41) A�,� = E� ∙ a ∙ b�   224 (5.42) 

 
With the following meanings:  
 

 

NPV�,� Net present value of the revenues (currency unit)  E� Revenues in the first year (currency unit)  b� Price-dynamic net present value factor for the revenues (unitless)  A�,� Annuity of the revenues (currency unit)  a Annuity factor (unitless)  

 

The net present value and the annuity of the investment can be calculated with the  

equations (5.43) and (5.44). 

 NPV� = NPV�,� − nNPV�,� + NPV�,� + NPV�,� + NPV�,�p (5.43) A� = A�,� − nA�,� + A�,� + A�,� + A�,�p 225 (5.44) 

 
With the following meanings:  
 

 

NPV� Net present value of the investment (currency unit)  NPV�,� Net present value of the revenues (currency unit)  NPV�,� Net present value of the capital-related costs (currency unit)  NPV�,� Net present value of the demand-related costs (currency unit)  NPV�,� Net present value of the operation-related costs (currency unit)  NPV�,� Net present value of the other costs (currency unit)  

 
224 (Krimmling, 2018 pp. 13-16), (VDI, 2012 pp. 16-20) 
225 (Krimmling, 2018 pp. 13-16), (VDI, 2012 pp. 16-20) 
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A� Annuity of the investment (currency unit)  A�,� Annuity of the revenues (currency unit)  A�,� Annuity of the capital-related costs (currency unit)  A�,� Annuity of the demand-related costs (currency unit)  A�,� Annuity of the operation-related costs (currency unit)  A�,� Annuity of the other costs (currency unit)  

 

The annuity of the total annual payments results from the difference between the annuity 

of the revenues and the sum of the capital-related, demand-related, operation-related and 

other annuities and can finally be used for the evaluation of the investment. In the case of 

heating systems, the investment does not generate any revenues. The annuity for heating 

systems is therefore a negative value. The most favorable system and therefore the 

economically preferable system is the system with the lowest annuity, as this system 

causes the least costs. 226 As heating systems only generate expenditures, the absolute 

amounts of all negative annuities were used to simplify the comparison. 

 

The long-run generation costs can be calculated with equation (5.45). 

 

LRGC = A�Q1,1�) (5.45) 

 
With the following meanings:  
 

 

LRGC Long-run generation costs (currency unit per quantity unit)  A� Annuity of the investment (currency unit)  Q1,1�) Total annual energy generation of the system (quantity unit)  

 

 
226 (VDI, 2012 p. 20) 
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5.11.3 Sensitivity Analysis 

The investment calculation is influenced by numerous input parameters. Although the 

input parameters are carefully defined, there is still an uncertainty in terms of whether 

and how the input parameters will change over time. For this reason, it is recommended 

to vary individual input parameters systematically to determine their influence 

(sensitivity) on the result. The selection of the input parameters that should be varied and 

the variation of these input parameters is called sensitivity analysis. 227 

 

During the sensitivity analysis, only one of the input parameters that should be varied is 

changed, while the other input parameters that should be varied remain the same.  

The result for each input parameter that should be varied is a graph whose gradient is a 

measure of the sensitivity: The steeper the gradient, the more the result of the calculation 

changes by varying this input parameter. 228  

 

Figure 70 shows an example of a sensitivity analysis with two input parameters that 

should be varied. 

 

 
Figure 70: Example of a sensitivity analysis 229 

 
227 Cf. (Geilhausen, et al., 2015 pp. 275-276), Cf. (Konstantin, et al., 2022 p. 48), 
     Cf. (Daum, et al., 2010 p. 265) 
228 Cf. (Geilhausen, et al., 2015 pp. 275-276), Cf. (Konstantin, et al., 2022 p. 48), 
     Cf. (Daum, et al., 2010 p. 265) 
229 (Geilhausen, et al., 2015 p. 276) 
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5.11.4 Input parameters applicable to multiple systems 

To be able to compare all systems in the master's thesis with each other, in the following 

section the parameters that are valid for all investment calculations are explained. 

5.11.4.1 Investment costs 

The investment costs for the respective system can be found in the chapter on the 

respective system. Furthermore, the investment costs for the erection of the building and 

the required infrastructure were estimated based on personal experience. 

5.11.4.2 Costs for energy carriers 

Figure 71 shows the costs for the energy carriers heating oil, natural gas, pellets, log wood 

and wood chips from January 2008 to January 2024 in relation to the lower calorific value. 

For the investment calculation, the energy carrier costs from January 2024 were used. For 

all systems that use biomass in form of wood chips as an energy source, an energy price 

of 40 euros per megawatt hour was assumed. The electricity price (energy including fees 

and charges) for the auxiliary devices was defined to be 200 euros per megawatt hour.  

 

 
Figure 71: Prices of energy sources in relation to lower calorific value 230 

 
230 Cf. (ÖBV, 2024) 
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5.11.4.3 Costs for electricity connection and electricity grid 

For the operation of the CHP systems and the electric boiler systems, an electricity 

connection is required. The network level is defined by the ownership boundary and the 

required capacity. The ownership boundaries are defined according to § 4 (7) to § 4 (11) 

of the System Usage Fee Regulation (Systemnutzungsentgelte-Verordnung 2018 – SNE-

V 2018 231). The capacities are defined according to § 55 (7) of the Electricity Industry 

and Organization Law (Elektrizitätswirtschafts- und -organisationsgesetz 2010 – ElWOG 

2010 232). Table 14 shows the different grid levels with their characteristic values. 

 

Table 14: Different network levels, the boundaries of ownership and capacities 231 232 

Network 
level 

Boundary of ownership is … 
Min. capacity 

[kW] 
Max. capacity 

[kW] 

7 … in the low-voltage grid  
of the grid operator  

(transformer owned by grid operator) 

0 100 

6 … on the customer-side clamps  
of the transformer substation 

(transformer owned by grid operator) 

100 400 

5 … in the medium-voltage grid  
of the grid operator  

(transformer owned by grid user) 

400 5.000 

4 … on the customer-side clamps  
of the transformer substation 

(transformer owned by grid operator) 

5.000 200.000 

3 … in the high-voltage grid  
of the grid operator  

(transformer owned by grid user) 

5.000 200.000 

2 - 200.000 ∞ 

1 - 200.000 ∞ 

 
231 Verordnung der Regulierungskommission der E-Control, mit der die Entgelte für die Systemnutzung  
     bestimmt werden (Systemnutzungsentgelte-Verordnung 2018 – SNE-V 2018)  
     BGBl. II Nr. 398/2017 idF. BGBl. II Nr. 395/2023 
232 Bundesgesetz, mit dem die Organisation auf dem Gebiet der Elektrizitätswirtschaft neu geregelt wird    
     (Elektrizitätswirtschafts- und -organisationsgesetz 2010 – ElWOG 2010) 
     BGBl. I Nr. 110/2010 idF. BGBl. I Nr. 145/2023 
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The network access fees for consumption systems must be charged on a time and material 

basis according to § 54 (1) and § 54 (2) of the Electricity Industry and Organization Law 

(Elektrizitätswirtschafts- und -organisationsgesetz 2010 – ElWOG 2010 232), whereby the 

network operator has the option of charging a flat rate for comparable network users of a 

network level. As a result, the network access fees charged by the grid operators can vary 

according to § 7 (1) of the System Usage Fee Regulation (Systemnutzungsentgelte-

Verordnung 2018 – SNE-V 2018 231). Table 15 shows the network access fees for Linz, 

the rest of Upper Austria and an average of the network access fees of Austria. 

 

Table 15: Network access fees for consumption systems for different regions  231 

Network 
level 

Network access fee 
for Linz 

[EUR / kW] 

Network access fee  
for Upper Austria 

[EUR / kW] 

Network access fee  
(Austrian average) 

[EUR / kW] 

7 226,63 208,00 219,55 

6 171,01 150,00 151,26 

5 113,32 97,50 100,32 

4 49,45 45,67 55,03 

3 - 11,80 16,95 

 

For the connection of generation systems based on renewable energy sources, flat-rate 

network access fees have to be charged for the network levels 3 to 7 according to § 54 (3) 

and § 54 (4) of the Electricity Industry and Organization Law (Elektrizitätswirtschafts- 

und -organisationsgesetz 2010 – ElWOG 2010 232) as shown in Table 16: 

 

Table 16: Network access fees for generation systems  232 

Capacity 
[kW] 

0 – 20 21 – 250 251 – 1.000 1.001 – 20.000 20.001 –  

Network access fee  
[EUR / kW] 

10 15 35 50 70 
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The network usage fees and the network loss fees are defined by region in accordance 

with § 5 (1) 1 to § 5 (1) 7 and § 6 of the System Usage Fee Regulation 

(Systemnutzungsentgelte-Verordnung 2018 – SNE-V 2018 231), which can result in 

different prices for the different network providers.  

 

For reasons of simplicity, the network usage fees and the network loss fees are not shown 

in detail. Table 17 shows the average amount of fees and charges that must be paid in 

addition to the energy price. 

 

Table 17: Average amount of fees and charges besides the energy price  231 

Network 
level 

Flat rate 
[EUR / a] 

Capacity price 
[EUR / kW] 

Working price 
[Cent / kWh] 

7 233 - - 4,8276 

7 234 36,00 - 7,3826 

7 235 - 64,87 4,7838 

6 - 60,24 3,2272 

5 - 52,53 2,0169 

4 - 41,02 1,1565 

3 - 32,81 0,7665 
 

For systems that offer reserve capacity, a capacity price of 1,00 EUR / kW and a  

working price of 0,085 Cent / kWh can be assumed as the network usage fee for all grid 

levels in accordance with § 5 (1) 9 of the System Usage Fee Regulation 

(Systemnutzungsentgelte-Verordnung 2018 – SNE-V 2018 231). 

 

 
233 interruptible 
234 unmeasured capacity 
235 measured capacity 
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5.11.4.4 Revenue for the electricity fed into the grid 

For the investment calculations, it was assumed that the electricity generated by the  

CHP plants is remunerated according to a market premium model as shown in Figure 72.  

The advantage for a plant operator is that the generated electricity can be sold at the 

applicable value for a long-term period. The applicable value consists of the reference 

market price and the market premium. 

 

 
Figure 72: Market premium model  236 

 

This market premium model is defined according to of the Renewables Expansion Law 

(Erneuerbaren-Ausbau-Gesetz – EAG 237) and the Market Premium Regulation to the 

Renewables Expansion Law (EAG-Marktprämienverordnung – EAG-MPV 238).  

 

For biomass plants, there are two different market premium models. The administrative 

market premium model is applicable for biomass plants with an electrical capacity of less 

than 500 kW. In the case of the administrative market premium model, the applicable 

value is defined in a regulation. 239 

 
236 (Next Kraftwerke, 2024b) (own translation) 
237 Bundesgesetz über den Ausbau von Energie aus erneuerbaren Quellen  
     (Erneuerbaren-Ausbau-Gesetz – EAG) 
     BGBl. I Nr. 150/2021 idF. BGBl. I Nr. 27/2024 
238 Verordnung der Bundesministerin für Klimaschutz, Umwelt, Energie, Mobilität, Innovation und  
     Technologie zur Gewährung von Marktprämien nach dem Erneuerbaren-Ausbau-Gesetz 
     (EAG-Marktprämienverordnung – EAG-MPV) 
     BGBl. II Nr. 369/2022 idF. BGBl. II Nr. 77/2024 
239 Cf. (Next Kraftwerke, 2024b), Cf. (IG Holzkraft, 2024) 
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For biomass plants with an electrical capacity of more than 500 kW, the market premium 

model by tender is applicable. In the case of the market premium model by tender, the 

applicable value is determined through a tender process. 240 

 

According to § 10 (1) 1 lit. f of the Market Premium Regulation to the Renewables 

Expansion Law (EAG-Marktprämienverordnung – EAG-MPV 238) the applicable values 

for new plants that exclusively use biomass and fulfil the requirements of the 

administrative market premium model (< 500 kW) are shown Table 18. 

 

Table 18: Applicable values for new plants that exclusively use biomass 231 

Electrical capacity 
[kW] 

Applicable value 
[Cent / kWh] 

< 50 25,75 

> 50  24,71 
 

For plants that fulfil the requirements of the market premium model by tender  

(> 500 kW), a maximum price of 19,32 Cents / kWh applies for newly constructed plants 

in accordance with § 4 (1) 2 of the Market Premium Regulation to the Renewables 

Expansion Law (EAG-Marktprämienverordnung – EAG-MPV 238), up to which bids will 

be considered. 

 

5.11.4.5 Interest rates, price escalation rates and consumer price 
index 

The interest rates, the price escalation rates, and the consumer price index are generally 

defined on the basis of economic analyses. In this master's thesis, the interest rates were 

assumed to be 7 percent per annum. To simplify the investment calculations, the price 

escalation rates, and the consumer price index are set to 2 percent per year. 

 

 
240 Cf. (Next Kraftwerke, 2024b), Cf. (IG Holzkraft, 2024) 
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5.11.4.6 Investment horizon 

All investment calculations are carried out with an observation period of 20 years.  

The lifetime of the systems is defined to be 20 years and the lifetime of the buildings is 

defined to be 50 years. 

 

5.11.4.7 Subsidies 

For all investment calculations, no subsidies were taken into account in connection with 

the investment costs. 

 

5.11.4.8 Biochar production and biochar sales 

For investment calculations of systems in which biochar is produced, a biochar sales price 

of 400 euros per ton and a biochar conversion factor of 7,7 megawatt hours per ton were 

assumed. The above-mentioned conversion factor is equal to the calorific value of the 

biochar. 241  

 

5.11.4.9 Operation of the systems 

The operation of each system is carried out by operating personnel. The expenses for the 

operation of a respective system can be found in the chapter on the respective system. 

The salary of the operating personnel is assumed to be 100 euros per hour. 

 
241 Cf. (Käppler, 2017 pp. 45-46), Cf. (Pyreg, 2023a p. 2), Cf. (Reichardt, 2023),  
     Cf. (Pyreg, 2023b pp. 2-4) 
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6 Results
In this chapter, the results of the technologies mentioned in chapter 5 are discussed.

To ensure that the scope of the chapter remains manageable, only the results for one plant

size are presented. Further results for the other plant sizes can be found in the appendix.

6.1 Analysis of the characteristic parameters of existing networks

The aim of this chapter is to analyze selected operating parameters from the

district heating networks of the biomass heating plants listed in Table 2, whereby only

district heating networks were analyzed for which 15-minute values and 1-hour values

were available. Besides the output of the district heating network, the supply flow

temperature and the return flow temperature were analyzed using the recorded 1-hour

values. Figure 73 shows the operating parameters (output, supply flow temperature, return

flow temperature) of the district heating network in Asten for the year 2023 in

chronological order. In addition to the operating parameters, the degree of data integrity

is mentioned, as the operating parameters are not fully available.

Figure 73: Unsorted output and temperatures of the DHN in Asten 242

242 For the year 2023
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If the chronological outputs of the district heating network as shown in Figure 73 are

sorted by their size, the annual duration curve is obtained, as shown in Figure 74.

Figure 74 shows the annual duration curve of the district heating network in Asten.

In addition to the output that is required in the district heating network at a certain point

in time, the supply flow temperature and the return flow temperature that occur at that

time are also shown.

Figure 74: Sorted output and temperatures of the DHN in Asten 243

The area below the annual duration curve represents the amount of heat supplied into the

district heating network. This area can be subdivided horizontally as shown in Figure 75

or vertically as shown in Figure 76. The size of the partial areas that are limited by a

dashed line in the case of a partial area at the edge and otherwise by two dashed lines is

equal to 10 percent of the total area and is therefore also equal to 10 percent of the heat

supplied into the district heating network. If a partial area is limited by one dashed and

one dotted line or in the case of a partial area at the edge only by one dotted line, the

partial area is equal to 5 percent of the total area and is therefore also equal to 5 percent

of the heat supplied into the district heating network.

243 For the year 2023
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Figure 75: Duration curve with horizontal subdivisions of the DHN in Asten 244

Figure 76: Duration curve with vertical subdivisions of the DHN in Asten 245

244 For the year 2023
245 For the year 2023
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This horizontal and vertical subdivision, as shown in Figure 75 and Figure 76 , provides 

information on the correlation between output, heat quantity and duration and can be used 

to design and analyze systems. Figure 75 and Figure 76 shows the horizontal and vertical 

subdivision of the district heating network in Asten. 

 

Besides the horizontal and vertical subdivision, also a seasonal group allocation is 

possible, which is based on Figure 58 and Figure 59. A seasonal group allocation makes 

it clear in which period the outputs of the annual duration curve occur and which heat 

quantities must be fed into the district heating network in which period. Figure 77 shows 

a dual-group allocation in accordance with Figure 59. Group 1 includes the months of 

January, February, March, October, November and December. On the other hand,  

group 2 consists of the months of April, May, June, July, August and September.  

Figure 78 shows a triple-group allocation in accordance with Figure 58. Group 1 includes 

the months of January, February, November and December. Group 2 is made up of the 

months of March, April, September and October. Group 3, on the other hand, comprises 

the months of May, June, July and August. 

 

 
Figure 77: Duration curve with dual-group allocation of the DHN in Asten 246 

 
246 For the year 2023 
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Figure 78: Duration curve with triple-group allocation of the DHN in Asten 247 

 

Figure 77 and Figure 78 shows a dual-group allocation and triple-group allocation of the 

district heating network in Asten. The diagrams for the other district heating networks 

can be found in the appendix. 

 

6.2 Biomass pyrolysis systems 

In this chapter, the application of a biomass pyrolysis system in the district heating 

network in Asten will be examined from an economic point of view. 

6.2.1 Biomass pyrolysis plant – PYREG 

The plant under consideration converts biomass into heat and biochar. Figure 79 shows a 

possible operation of the biomass pyrolysis plant PX1500 from the manufacturer PYREG, 

under consideration of the nominal heat output and the partial load capability of the plant 

listed in Table 4. In this context, it should be mentioned that the heat storage capacity of 

the buffer storage tank was neglected in this exemplary operation scenario.  

 

 
247 For the year 2023 
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Furthermore, it should be pointed out that it was assumed that the biomass pyrolysis plant

is used to cover the base load of the heat demand, resulting in

8.480 full load hours for the plant.

Figure 79: Exemplary operation of the biomass pyrolysis plant – PYREG 248

The economic calculation of the biomass pyrolysis plant is based on the values listed in

Table 4. Furthermore, the calculation is based on the values mentioned in chapter 5.11.4.

Table 19 shows moreover a list of values that were also used for the calculation.

Table 19: Additional parameters for the biomass pyrolysis plant – PYREG

Full load hours [h] 8.480

Investment costs 249 [EUR] 1.000.000

The investment calculation results in long-run generation costs of 176,80 euros per

megawatt hour for the generation of heat. For a biomass heat-only boiler the long-run

generation costs for the generation of heat are around 81 euros per megawatt hour. 250

248 Annual duration curve of the year 2023
249 For construction and infrastructure
250 Heat output = 850 kW, η = 85 %, FLH = 8.200 h, Total investment = 470.000 euros + 500.000 euros
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These long-run generation costs result for a biomass heat-only boiler applying the same 

framework conditions without going into a detailed calculation. To achieve these long-

run generation costs for the biomass pyrolysis plant, a biochar sales price of around  

1.100 euros per ton would be required if all other framework conditions remain the same. 

In Figure 80, a sensitivity analysis for selected parameters is shown for the investment 

calculation of the biomass pyrolysis plant. 

 

 
Figure 80: Sensitivity analysis for biomass pyrolysis plant – PYREG 

 

The sensitivity analysis in Figure 80 shows that the number of full load hours and the 

price of the energy source have the most significant influence on the long-run generation 

costs for the generation of heat. The biochar sales price and the investment costs of the 

plant also have a significant influence on the long-run generation costs.  

The investment costs for construction and infrastructure are almost as sensitive as the 

costs of auxiliary electricity. The figure clearly shows that the main product of this plant 

is biochar. With the applied parameters, it is not possible to realize a heat supply in an 

economical way. To achieve competitive long-run generation costs for the generation of 

heat, the biochar must be sold at a higher price and a more affordable biomass  

must be used. 

160

165

170

175

180

185

190

-10% -8% -6% -4% -2% 0% 2% 4% 6% 8% 10%

LR
GC

 [E
UR

 / 
M

W
h]

Deviation from the initial value [%]

Sensi to costs of investment (constr. and infrastr.) Sensi to costs of investment (plant)

Sensi to full load hours Sensi to discount rate

Sensi to costs of energy source Sensi to costs of auxiliary electricity

Sensi to costs of O&M Sensi to sales price of biochar



6 Results

Implementation, diversification and coupling of different renewable energy sources
and renewable energy systems in local and district heating networks

106

6.3 Biomass CHP systems

In this chapter, the application of different biomass CHP systems in the district heating

network in Asten will be examined from an economic point of view.

6.3.1 Biomass CHP plant – PYREG

The plant under consideration converts biomass into heat, electricity and biochar.

Figure 81 shows a possible operation of the biomass CHP plant PX1500 from the

manufacturer PYREG, under consideration of the nominal heat output and the partial load

capability of the plant listed in Table 5. In this context, it should be mentioned that the

heat storage capacity of the buffer storage tank was neglected in this exemplary operation

scenario. Furthermore, it should be pointed out that it was assumed that the

biomass CHP plant is used to cover the base load of the heat demand, resulting in

8.620 full load hours for the plant.

Figure 81: Exemplary operation of the biomass CHP plant – PYREG 251

The economic calculation of the biomass CHP plant is based on the values listed in

Table 5. Furthermore, the calculation is based on the values mentioned in chapter 5.11.4.

Table 20 shows moreover a list of the values that were also used for the calculation.

251 Annual duration curve of the year 2023
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Table 20: Additional parameters for the biomass CHP plant – PYREG 

Full load hours [h] 8.620 

Investment costs 252 [EUR] 1.500.000 

 

The investment calculation results in long-run generation costs of 179,28 euros per 

megawatt hour for the generation of heat. These long-run generation costs, like the  

long-run generation costs of the biomass pyrolysis plant, are at a much higher level than 

those of the biomass heat-only boiler. In Figure 82, a sensitivity analysis for selected 

parameters is shown for the investment calculation of the biomass CHP plant. 

 

 
Figure 82: Sensitivity analysis for biomass CHP plant – PYREG 

 

The sensitivity analysis in Figure 82 shows that the number of full load hours and the 

price of the energy source have the most significant influence on the long-run generation 

costs for the generation of heat. The biochar sales price, the electricity sales price and the 

investment costs of the plant also have a significant influence on the long-run generation 

costs. The figure clearly shows that the main product of this plant is also biochar. 

 
252 For construction and infrastructure 
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With the applied parameters, it is also not possible to realize a heat supply in an

economical way. To achieve competitive long-run generation costs for the generation of

heat, the biochar must be sold at a higher price and a more affordable biomass must be

used. The sales price of the electricity also has a significant influence on the

long-run generation costs. Nevertheless, it should be noted that a higher sales price for

the electricity generated will hardly be possible.

6.3.2 Biomass CHP plant – SYNCRAFT

The plant under consideration converts biomass into heat, electricity and biochar.

Figure 83 shows a possible operation of the biomass CHP plant CW1800-500 from the

manufacturer SYNCRAFT, under consideration of the nominal heat output and the partial

load capability of the plant listed in Table 6. In this context, it should be mentioned that

the heat storage capacity of the buffer storage tank was neglected in this exemplary

operation scenario. Furthermore, it should be pointed out that it was assumed that the

biomass CHP plant is used to cover the base load of the heat demand, resulting in

8.060 full load hours for the plant.

Figure 83: Exemplary operation of the biomass CHP plant – SYNCRAFT 253

253 Annual duration curve of the year 2023
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The economic calculation of the biomass CHP plant is based on the values listed in  

Table 6. Furthermore, the calculation is based on the values mentioned in chapter 5.11.4. 

Table 21 shows moreover a list of the values that were also used for the calculation. 

 

Table 21: Additional parameters for the biomass CHP plant – SYNCRAFT 

Full load hours [h] 8.060 

Investment costs 254 [EUR] 1.500.000 

 

The investment calculation results in long-run generation costs of 70,16 euros per 

megawatt hour for the generation of heat. These long-run generation costs are at a lower 

level compared to the long-run generation costs of a biomass heat-only boiler, which are 

around 81 euros per megawatt hour. Under consideration of the chosen framework 

conditions, it becomes obvious that the combined generation of heat and electricity is 

beneficial. In Figure 84, a sensitivity analysis for selected parameters is shown for the 

investment calculation of the biomass CHP plant. 

 

 
Figure 84: Sensitivity analysis for biomass CHP plant – SYNCRAFT 

 
254 For construction and infrastructure 
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The sensitivity analysis in Figure 84 shows that the sales price of the electricity and the 

number of full load hours have the most significant influence on the long-run generation 

costs for the generation of heat. The price of the energy source and the investment costs 

of the plant also have a significant influence on the long-run generation costs.  

The price of the energy source is almost as sensitive as the investment costs of the plant.  

 

The biochar sales price influences the long-run generation costs only slightly, as this plant 

converts most of the energy source in the form of biomass into heat and electricity. 

Compared to the two previous plants, which were biomass pyrolysis plants, a much 

smaller proportion of biochar is discharged from this plant. 

 

To ensure that the long-run generation costs remain at a low level, it is important to aim 

for a high number of full load hours and to use biomass with a low price. The sales price 

of the electricity also has a significant influence on the long-run generation costs. 

Nevertheless, it should be noted that a higher sales price for the electricity generated will 

hardly be possible. 

 

6.3.3 Biomass CHP plant – STEAMERGY 

The plant under consideration converts biomass into heat and electricity. 

Figure 85 shows a possible operation of the biomass CHP plant with one engine from the 

manufacturer STEAMERGY, under consideration of the nominal heat output and the 

partial load capability of the plant listed in Table 7. In this context, it should be mentioned 

that the heat storage capacity of the buffer storage tank was neglected in this exemplary 

operation scenario. Furthermore, it should be pointed out that it was assumed that the 

biomass CHP plant is used to cover the base load of the heat demand, resulting in  

8.400 full load hours for the plant. 
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Figure 85: Exemplary operation of the biomass CHP plant – STEAMERGY 255

The economic calculation of the biomass CHP plant is based on the values listed in

Table 7. Furthermore, the calculation is based on the values mentioned in chapter 5.11.4.

Table 22 shows moreover a list of the values that were also used for the calculation.

Table 22: Additional parameters for the biomass CHP plant – STEAMERGY

Full load hours [h] 8.400

Investment costs 256 [EUR] 1.500.000

The investment calculation results in long-run generation costs of 48,53 euros per

megawatt hour for the generation of heat when the price of biomass is assumed to be

40,00 euros per megawatt hour according to chapter 5.11.4.

The plant from the manufacturer STEAMERGY also enables the use of biomass with a

significantly lower quality, which costs around 20,00 euros per megawatt hour. 257

255 Annual duration curve of the year 2023
256 For construction and infrastructure
257 according to the web meeting of 18 July 2024 (Mr. DI Duschl, Mr. DI Flemming, Mr. DI Wöss)
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The adapted investment calculation results in long-run generation costs of 13,74 euros 

per megawatt hour for the generation of heat when the price of biomass is assumed to be 

20,00 euros per megawatt hour. In Figure 86, a sensitivity analysis for selected parameters 

is shown for the adapted investment calculation of the biomass CHP plant. 

 

 
Figure 86: Sensitivity analysis for biomass CHP plant – STEAMERGY 

 

The sensitivity analysis in Figure 86 shows that the sales price of the electricity and the 

number of full load hours have the most significant influence on the long-run generation 

costs for the generation of heat. The price of the energy source also has a significant 

influence on the long-run generation costs. The sensitivity of the investment costs of the 

plant is almost equal to the sensitivity of the discount rate, whereby these two mentioned 

sensitivities are slightly lower than the sensitivity of the energy source for this biomass 

CHP plant. The costs for operation and maintenance are almost as sensitive as the costs 

for the auxiliary electricity. Also, for this biomass CHP plant it is important to aim for a 

high number of full load hours and to use biomass with a low price to ensure that the 

long-run generation costs remain at a low level. The sales price of the electricity also has 

a significant influence on the long-run generation costs. Nevertheless, it should be noted 

that a higher sales price for the electricity generated will hardly be possible. 
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6.4 Electric boilers systems 

In this chapter, the application of an electric boiler system with different backgrounds in 

the district heating network in Asten will be examined from an economic point of view. 

6.4.1 Electric boiler systems to use negative energy prices 

A detailed description of the investment calculation of the electric boiler that is used with 

negative electricity prices is not given. The low number of hours in which  

negative electricity prices occur, as well as the fees and charges in addition to the  

energy price, lead to high long-run generation costs for the generation of heat.  

In the year 2023, there were only 137 hours with negative electricity prices with an 

average negative electricity price of -12,56 euros per megawatt hour. In addition to the 

negative energy price, fees and charges of around 20,169 euros per megawatt hour  

and 52,53 euros per kilowatt still have to be paid. These framework conditions and  

the framework conditions mentioned in Table 8 and Table 23 (except the full load hours, 

the energy source price and the capacity price) result in long-run generation costs of more 

than 1.000 euros per megawatt hour. 

 

For this reason, it is not possible to operate such a system economically under any 

circumstances. 

6.4.2 Electric boiler systems to provide control reserve 

The system under consideration converts electricity into heat. Figure 87 shows a possible 

operation of the electric boiler system EEII-TS-1000-HA, under consideration of the 

nominal heat output of the system listed in Table 8. In this context, it should be mentioned 

that the heat storage capacity of the buffer storage tank was neglected in this exemplary 

operation scenario. Furthermore, it should be pointed out that it was assumed that the 

electric boiler system is only used to provide control reserve when there is enough heat 

demand in the district heating network, resulting in 5.450 full load hours for the system. 

 

The economic calculation of the electric boiler system is based on the values listed in 

Table 8. Furthermore, the calculation is based on the values mentioned in chapter 5.11.4. 

Table 23 shows moreover a list of the values that were also used for the calculation. 
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Figure 87: Exemplary operation of the electric boiler system – control reserve 258

Table 23: Additional parameters for the electric boiler system – control reserve

Full load hours [h] 5.450

Energy source price 259 [EUR / MWh] 0,85

Capacity price 260 [EUR / MW⋅⋅h] -5,82

Auxiliary electricity [%] 261 1,50

Investment costs 262 [EUR] 500.000

Maintenance and service [%] 263 2,00

Operation [h / d] 1,00

258 Annual duration curve of the year 2023
259 Price for the energy (control reserve) = EUR 0,00 / MWh

Price for the grid (control reserve) = EUR 0,85 / MWh
260 Price for capacity (control reserve) = EUR – 5,82 / MW⋅h
261 Related to energy source input
262 For construction and infrastructure
263 Related to the investment costs of the plant
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The investment calculation results in long-run generation costs of 15,38 euros per 

megawatt hour for the generation of heat. The selected framework conditions result in 

heat generation costs for this system that are significantly lower than for all other systems 

presented. In Figure 88, a sensitivity analysis for selected parameters is shown for the 

investment calculation of the electric boiler system. 

 

 
Figure 88: Sensitivity analysis for electric boiler system – control reserve 

 

The sensitivity analysis in Figure 88 shows that the number of full load hours as well as 

the costs of the capacity and the costs of operation and maintenance have the most 

significant influence on the long-run generation costs for the generation of heat.  

 

In cases where heat can be generated indefinitely, which means that the base load  

is high or a heat storage system is available, some derivations can be made.  

The costs of capacity – which are revenues in the case of control reserve – are directly 

related to the maximum possible full load hours according to Figure 49. The optimum of 

the long-run generation costs can be determined using an algorithm for optimization 

problems, taking into account the heat demand of the district heating network. 

Furthermore, it should be mentioned that the control reserve is traded on a highly dynamic 

market which must also be considered. 
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6.5 Solar thermal systems 

In this chapter, the application of a solar thermal system in the district heating network in 

Asten will be examined from an economic point of view. 

 

The system under consideration converts solar irradiation into heat. Figure 89 shows a 

possible operation of a solar thermal system, taking into account the system data listed in 

Table 12. In this context, it should be mentioned that Figure 89 only shows the principle 

of a solar thermal heat generation and that the representation of the heat storage capacity 

of the buffer storage tank in the annual duration curve was neglected. In the calculation, 

however, the buffer storage tank and its heat storage capacity were taken into account. 

 

 
Figure 89: Exemplary operation of the solar thermal system 264 

 

The economic calculation of the solar thermal system is based on the values listed in 

Table 12. Furthermore, the calculation is based on the values mentioned in chapter 5.11.4. 

Table 24 shows moreover a list of the values that were also used for the calculation. 

 

 
264 Annual duration curve of the year 2023 
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Table 24: Additional parameters for the solar thermal system 

Full load hours [h] 265 1.000 

Auxiliary electricity [%] 266 1,50 

Investment costs 267 [EUR] 100.000 

Maintenance and service [%] 268 1,50 
 

The investment calculation results in long-run generation costs of 127,69 euros per 

megawatt hour for the generation of heat. In Figure 90, a sensitivity analysis for selected 

parameters is shown for the investment calculation of the solar thermal system. 

 

 
Figure 90: Sensitivity analysis for solar thermal system 

 

The sensitivity analysis in Figure 90 shows that the number of full load hours and the 

investment costs of the plant have the most significant influence on the  

long-run generation costs for the generation of heat.  

 
265 The calculation assumes a collector area of 10.270 m2, a rated capacity of 4.000 kW  
     and 1.000 full load hours. 
266 Related to solar thermal heat generation 
267 For construction and infrastructure 
268 Related to the investment costs of the plant 
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To ensure that the generation costs of the solar thermal system can be kept at a low level, 

it is important to maximize the yield, which is directly related to the full load hours. 

Besides an optimal location, a proper operation and monitoring of the operating 

parameters is therefore essential. 

 

6.6 Combination of the individual systems 

For all the above-mentioned systems, the plant size has already been selected so that a 

maximum number of full load hours is achieved, to ensure low long-run generation costs. 

In the appendix there are further possible operations of the above-mentioned plants with 

a higher output and therefore a lower number of full load hours. 

 

Furthermore, for all the above-mentioned systems, only the coverage of the base load of 

the heat demand was shown as a possible operating mode. In principle, the  

above-mentioned calculations are also valid for other operating modes, as long as the 

number of full load hours is the same. 

 

It is also conceivable that the above-mentioned systems are combined with each other and 

with heat storages as shown in Figure 91. The combination in Figure 91 is an example of 

a combination of the different systems and heat storages. In addition to this combination, 

there are also other combinations possible. To determine the long-run generation costs of 

the individual systems in such a combination, the number of full load hours of the 

individual systems must be determined. The calculations of the individual systems and 

the determination of the long-run generation costs are then carried out with the adjusted 

full load hours according to the presented schemes. The average long-run generation costs 

are then calculated from the individual long-run generation costs.  

 

Nevertheless, it can be generalized that the reduction in full load hours leads to an increase 

in long-run generation costs for the generation of heat for all systems. This characteristic 

can be seen in all sensitivity analyses of the systems. 
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Figure 91: Combination of different systems and heat storages 269 

 
269 Annual duration curve of the year 2023 
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7 Conclusion and summary 
The master's thesis explained the reasons for the necessity of an energy transition – away 

from fossil fuels towards renewables – from a climate change perspective. Moreover, it 

was shown on the basis of energy analyses why the space heating sector can make a 

significant contribution to the energy transition. The focus of the master's thesis was, on 

the one hand, to explain the district heating sector as it is known today. On the other hand, 

the master's thesis explained what the district heating sector could look like in the future. 

 

In summary, it can be said that the district heating sector is a very dynamic energy sector 

that will be affected by numerous changes from a technical, economic and regulatory 

perspective in the future. In this context, it is worth to mention that the district heating 

sector is influenced by numerous factors, which also interact with each other. 

 

In the course of the master's thesis, numerous technologies were presented which can be 

used for the generation of renewable district heat in the future. Within the master's thesis, 

only technologies that are independent of the location were presented. Other technologies 

that can only be implemented in appropriate locations (such as geothermal heat 

utilization, waste heat utilization, etc.) were only roughly outlined. In addition to the 

technologies, also methods were shown to increase the efficiency of existing district heat 

generation systems. Besides the change and adaptation of the generation technologies, it 

will also be necessary to adapt the consumer side so that heat sources with lower 

temperature levels can be integrated into the district heating systems of the future. 

 

In addition to the technical discussion of the generation technologies, the focus was also 

put on sector coupling. The ongoing energy transition and the increase in volatile energy 

sources in the entire energy system will require the coupling of the energy sectors in the 

future. On the one hand, the heating sector can make a contribution to the stabilization of 

the electricity grid by using power-to-heat solutions and, on the other hand, contribute to 

a resilient renewable electricity generation by using CHP plants, especially in situations 

where other fluctuating renewable energy sources such as photovoltaics or wind generate 

little or no electricity during the night, in the winter months or during wind lulls. 
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The discussed generation technologies were then subjected to investment calculations to 

be able to compare the generation technologies with each other. In this context, it should 

be highlighted that the results of the investment calculations do not correspond to the heat 

price that can be charged to a heat consumer, especially as the investment calculations 

did not take into account the heat distribution and any long-term heat storage (for systems 

with long-term heat storage). To ensure a comparability of the results, all subsidies that 

can currently be obtained were also neglected. Furthermore, the aim of the investment 

calculations was not to favor a particular technology. Each technology has its strengths 

and weaknesses. A detailed description of these strengths and weaknesses would go 

beyond the scope of this master's thesis. Also, several assumptions and simplifications 

were made in the master's thesis making it almost impossible to determine a preference 

for one of the technologies. The investment calculations for the different generation 

technologies show clearly which parameters have an influence on the long-run generation 

costs for the generation of heat. The heat provision costs of the district heat supply, which 

consist of the heat costs for the district heat generation, the heat distribution costs, and 

the heat storage costs (for systems with long-term heat storage), are in direct competition 

with the heat provision costs of other heat supply technologies. In this context, the 

individual heat provision based on natural gas is the strongest competitor. To ensure that 

the district heat supply can be expanded in the future, it is necessary to keep the heat 

provision costs of the district heat supply at a low level or to create acceptance among the 

end customers that the supply with renewable district heat has a slightly higher price than 

the heat provision based on natural gas. In general, it should be tried that the end customer 

accepts higher prices when renewable energy is supplied, as renewable energy does not 

only contribute to the protection of the climate and the creation of regional value, but also 

supports the independence from fossil fuels from abroad. Another way to phase out the 

provision of heat from fossil fuels is to use legal standards such as laws and regulations. 

The master's thesis has provided a good overview of the technical and economic 

framework conditions of the various generation technologies. The generation 

technologies were only analyzed in a static way during the master's thesis. In order to be 

able to make a statement about the optimum combination of generation technologies, as 

well as the use of heat storage systems, it is necessary to analyze the whole system 

dynamically and assess the strengths and weaknesses of the individual technologies. 

Furthermore, the subsidies that can be obtained must be taken into account for all systems.
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Future perspectives 
The district heat supply will undoubtedly play a central role in the sustainable supply of 

heat in the future. As already mentioned, the district heat supply will be subjected to 

numerous changes in the future.  

 

One significant development in district heat generation in the future is the increased use 

of renewable energy sources. Combined heat and power generation plants,  

solar thermal plants, geothermal heat utilization, waste heat utilization and the  

utilization of industrial waste heat will be integrated more and more into district heating 

systems. These sources will provide a CO2-neutral or a CO2-negative heat supply. In 

addition to this, innovative storage technologies will play a key role to store surplus heat 

from times of low demand and make it available again when it is needed. Above all, this 

increases the flexibility, but also the reliability of district heating systems. For the heating 

sector, as for all other energy sectors, the energy transition will be a matter of storage.  

 

Another important trend is digitalization and the use of smart grids. The use of intelligent 

grid management systems makes it possible to optimize the efficiency of district heat 

distribution and the use of district heat. Real-time data enables precise control and 

adjustment of the heat generation to the actual demand and makes it possible to avoid 

peak loads as far as possible. 

 

It can be assumed that the generation of district heat within a district heating network will 

not be produced by one technology, but by several technologies that use flexible 

generation strategies. Currently, it is not possible to assess if there will be a 

cannibalization of renewable energy sources in the heating sector in case of low heat 

generation costs, but it cannot be excluded. It also cannot be excluded that one day the 

heat consumed by heat consumers will be billed based on hourly or quarter-hourly 

consumption. This type of billing model is already familiar and common in the electricity 

market. In the heating sector, such a billing method cannot be excluded in the future, 

especially in cases where the district heat is generated with different technologies whose 

long-run generation costs are very different. Nevertheless, it should be mentioned that 

this type of billing method causes a lot of effort.  
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Table 25: List of Abbreviations 

Abbreviation Explanation 

°C Degrees Celsius 

a Year (from annus) 

aFRR Automatic frequency restoration reserves 

BU Bottom-up 

C Carbon 

CCS Carbon capture and storage 

C2H4 Ethylene 

CH4 Methane 

CHP Combined heat and power 

CO Carbon monoxide 

CO2 Carbon dioxide 

COP Coefficient of Performance 

d Day 

DHN District heating network 

EUR Euros 

g Gram 

GWh Gigawatt hour 

GWP Global Warming Potential 

Greenhouse Warming Potential 

h Hour 
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H2 Hydrogen 

H2O Water 

HOB Heat-only boiler 

K Kelvin 

kg Kilograms 

kJ Kilojoule 

km Kilometer 

kW Kilowatt 

kWh Kilowatt hour 

LCV Lower Calorific Value 

m Meter 

m2 Square meter 

m3 Cubic meter 

mFRR Manual frequency restoration reserves 

min Minute 

MJ Megajoule 

mm Millimeter 

MW Megawatt 

MWh Megawatt hour 

N2O Nitrous oxide 

NPV Net Present Value 

OR Operating reserve 

ORC Organic Rankine Cycle 
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Pa Pascal 

PJ Petajoule 

P2H Power to heat 

R&D Research and Development 

s Second 

t Tons 

TD Top-down 

TSO Transmission system operator 

TWh Terawatt hours 

UCV Upper Calorific Value 

W Watt 

wk Week 
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