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Abstract III 

Abstract 

In recent years, studies have shown that enhancing the efficiency of biomass heating has 

become increasingly important for improving their competitiveness. A promising solution is 

the integration of heat pumps into these systems to recover heat from exhaust gases. There 

are different variants to integrating heat pumps into biomass heating, either into the flue gas 

condenser or into the network return flow. However, this integration necessitates additional 

electricity consumption, which in many countries comes with a high emission factor or high 

price. Small-scale cogeneration is considered a superior technology for providing the 

necessary power for heat pumps. Nonetheless, the multiple possibilities of integrating these 

components imply a high degree of system complexity and, therefore, higher design 

requirements. 

This thesis aims to develop a transferable method to optimize biomass heating networks 

from technical, economic, and environmental perspectives, through the innovative 

integration of heat pumps and, if necessary, cogeneration units for onsite-power supply. To 

this end, a detailed simulation model was developed and validated against measured data 

from real cases. Additionally, a multi-objective simulation optimization framework was 

implemented by coupling this model with a genetic algorithm. 

For the evaluation of the integration concepts and a feasibility study in Germany, three 

biomass heating networks with different hydraulic configurations were investigated. It 

turned out that both integration variants of heat pump improved the system overall efficiency 

by more than 17 % in practice. In general, this thesis demonstrates the feasibility of 

effectively utilizing biomass resources while simultaneously achieving the economic and 

environmental viability of the system through appropriate design. The success of this 

integration depends on careful selection of design parameters. The prices of biomass fuel 

and electricity are crucial factors affecting the economic viability of the integration concepts. 

The proposed method allows decision-makers to achieve an optimal system design under the 

given conditions. 
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Kurzfassung V 

Kurzfassung 

In den letzten Jahren haben Studien gezeigt, dass die Steigerung der Effizienz der 

Biomasseheizung zunehmend wichtiger geworden ist, um ihre Wettbewerbsfähigkeit zu 

verbessern. Eine vielversprechende Lösung ist die Integration von Wärmepumpen, um 

Wärme aus Abgasen zurückzugewinnen. Es gibt verschiedene Ansätze zur Integration von 

Wärmepumpen in Biomasseheizungen, entweder in den Abgaskondensator oder in den 

Netzrücklauf. Dabei ist zusätzlicher Stromverbrauch für Wärmepumpe erforderlich, der in 

vielen Ländern mit einem hohen Emissionsfaktor oder hohen Kosten verbunden ist. Die 

Integration einer kleinen Kraft-Wärme-Kopplung gilt als mögliche Technologie zur 

Bereitstellung der erforderlichen elektrischen Leistung für Wärmepumpen. Die vielfältigen 

Möglichkeiten zur Integration dieser Komponenten bedeuten jedoch einen höheren Grad an 

Systemkomplexität und daher höhere Anforderungen an die Auslegung.  

Ziel dieser Arbeit ist es, eine übertragbare Methode zu entwickeln, um 

Biomasseheizungsnetzen aus technischer, wirtschaftlicher und ökologischer Perspektive zu 

optimieren, durch die innovative Integration von Wärmepumpen und, falls notwendig, einer 

Kraft-Wärme-Kopplung für ihre Eigenstromversorgung. Zu diesem Zweck wurde ein 

detailliertes Simulationsmodell entwickelt und anhand von Messdaten aus realen 

Heizwerken soweit möglich validiert. Darüber hinaus wurde ein mehrdimensionaler 

Simulationsoptimierungsrahmen durch die Kopplung dieses Modells mit einem genetischen 

Algorithmus implementiert. Für die Bewertung der Integrationskonzepte und der 

Machbarkeitsstudie in Deutschland wurden drei Biomasse-Wärmenetze mit 

unterschiedlichen Hydrauliken untersucht. Es stellte sich heraus, dass beide 

Integrationsvarianten der Wärmepumpen die Gesamteffizienz des Systems in der Praxis um 

mehr als 17 % verbessern können. Die Ergebnisse  zeigen, dass es möglich ist, die effektive 

Nutzung von Biomasse-Ressourcen sicherzustellen und gleichzeitig die wirtschaftliche und 

ökologische Tragfähigkeit des Systems durch ein geeignetes Optimierungsdesign zu 

erreichen. Der Erfolg dieser Integration hängt von einer sorgfältigen Auswahl der 

Designparameter ab. Die Preise für Biomassebrennstoff und Strom sind entscheidende 

Faktoren, die die wirtschaftliche Tragfähigkeit der Integrationskonzepte beeinflussen. 
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1. Introduction 

1.1 Background 

In the nineteenth century, the combustion of fossil fuels lit the fire of the industrial 

revolution and illuminated the way forward for human civilization. With the continuous 

development of human society, the use of fossil energy resources also caused a dramatic rise 

in carbon dioxide emissions [1]. By 2020 it had reached 34.81 billion metric tons [2], and 

the global average surface temperature had increased by 1.0 °C [3] and will continue to rise 

by 2 °C by the middle of this century, according to the present trend [4]. According to the 

Paris Agreement1 [5], the global average temperature increase is targeted not to exceed 2 °C 

by the end of this century, and to stay below 1.5 °C compared to pre-industrial levels 

preferably.  

Under the former climate change legislation, the EU (European Union) has targeted a 

minimum of a 40 % reduction in greenhouse gas emissions by 2030 compared to 1990 [6]. 

As part of the EU Climate Change Act negotiations, this target has been raised to 55 % under 

the European Green Deal [7]. In addition, the share of renewable energies in the EU's final 

energy consumption is to be increased to 32 %, and the EU's primary energy consumption 

is to be reduced by 32.5 % compared to an underlying reference development [8]. By 2050, 

greenhouse gas emissions in the EU are to be reduced by 80 to 95 % compared to 1990 levels 

[9]. 

A sustainable energy supply plays a critical role in addressing environmental problems 

and achieving climate targets. According to the BMUB 2 , the entire building sector is 

responsible for 40 % of total energy consumption for heating, hot water, and lighting and 

almost 30 % of total CO2 emissions [10]. Therefore, improving energy efficiency in this 

sector offers considerable potential for reducing greenhouse gas emissions and primary 

energy demand [11]. In many cases, synergies can be exploited to improve the energy 

                                                 

1 Adopted Dec. 12, 2015; entered into force Nov. 4, 2016 

2  German Federal Ministry for the Environment, Nature Conservation, Nuclear Safety and Consumer 

Protection 
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efficiency of communities by constructing or refurbishing district energy systems [12,13]. 

Because of its lower environmental impact and flexibility, biomass is well suited to replace 

traditional fossil energy as an alternative fuel for sustainable heating plants [14,15].  

1.2 Problem 

By the end of the last century, intensive construction of biomass heating networks began 

across Europe to reduce carbon emissions from the energy supply [16]. However, since 

biomass fuel costs were relatively favorable at that time, little emphasis was placed on the 

efficiency of the fuel energy conversion to heating energy in the plant designs. As a result, 

many older biomass heating networks are currently operated at low efficiency rates. The 

average annual conversion efficiency rate in biomass heating networks from the initial 

heating value of the fuel to the final energy supplied to the consumer ranges currently from 

55 % to 80 % [17]. Due to the limited resource potential and the rising price of bioenergy 

[18], it has become increasingly critical to improve biomass energy's efficiency to enhance 

its profitability and competitiveness [19]. To compensate for the relatively low efficiency of 

these heating networks, heat recovery from flue gas is highly recommended [20]. Since 

biomass fuel has a high moisture content, district heating with biomass fuel offers a high 

potential for heat recovery especially from latent heat [21]. 

The installation of flue gas condensation systems is one of the most effective measures to 

increase the efficiency of biomass heating plants, with a potential increase in efficiency of 

up to 30 % [22]. Many studies have already investigated latent heat recovery from flue gases 

using this technique. For example, Shang et al. [23] proposed a non-contact total heat 

recovery system to enhance gas boiler efficiency from flue gas, demonstrating an annual 

energy saving potential of 12.97 % compared to a traditional boiler. Terhan and Caomakli 

[24] studied a real case of flue gas condensation in the natural gas district heating systems 

of a university. The economic analysis of this study demonstrated that this technology could 

benefit the studied system by 0.4 Mio $ per year. Additionally, Ziembicki et al. [25] 

introduced a condensing system dedicated to flue gas cleaning and heat recovery for liquid 

fuel combustion. Since conventional metal heat exchangers are usually susceptible to 

corrosion, Xiong and Tan et al. [26] investigated a condensing system experimentally. They 

used a two-stage fluoroplastic heat exchanger to study the recovery potential of water and 

latent heat from flue gases while overcoming the drawbacks of metal heat exchangers in wet 
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flue gases. For many older heating networks, however, the implementation of flue gas 

condensing systems is facing significant challenges due to high return temperatures that are 

often above the dew point of the flue gas [17]. 

An innovative concept is the integration of heat pumps in the biomass heating networks. 

In recent years, a few biomass heating networks have accomplished the integration of flue 

gas condensation and heat pumps, mostly in northern Europe [27] and Austria [28,29]. 

However, these integrated solutions cannot yet be described as mature and as technology 

that can be purchased "off the shelf", as specific challenges and problems arising during the 

operation. Furthermore, the integration of heat pumps in existing heating networks has 

encountered setbacks in Germany [30], especially due to high return temperatures, high 

investments and high electricity prices [31]. 

After conducting a thorough literature review, it has been found that there is currently no 

established method for integrating compression heat pumps into biomass heating networks 

that accounts for both the characteristics of biomass fuels and the thermodynamic cycle of 

the heat pumps. Additionally, significant research gaps exist in providing comprehensive 

analyses of the impact of heat pump cycle design on entire heating systems, considering the 

techno-economic and environmental aspects. It is important to note that the operating 

temperature of the heat pump plays a crucial role in determining the electricity consumption 

and equipment sizes, which ultimately affect the economic profitability of the system. 

Furthermore, the refrigerant market is currently undergoing significant changes due to 

stricter emission control regulations. As a result, refrigerants such as R134a, which were 

previously considered state-of-the-art, can no longer be viewed as viable options for the 

future. This also applies to other established refrigerant alternatives if they contribute to the 

greenhouse effect. To address these challenges, alternative refrigerants must be identified 

and evaluated for their suitability in different application scenarios. By developing an 

optimized method for integrating compression heat pumps into biomass heating networks, 

which considers the unique characteristics of biomass fuels and the thermodynamic cycle of 

the heat pump, the economic profitability and environmental impact of these systems can be 

improved. 

In addition, there are different variants of integrating heat pumps into heating networks 

with a flue gas condensation system. There are only few studies found that provide a techno-

economic comparison of the various integration methods of compression heat pumps for 
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heat recovery. A comprehensive analysis of the costs and system efficiencies of different 

integration concepts is crucial, as it provides valuable insights for biomass heat network 

operators in the planning and operation of their plants. 

Moreover, electrical power is needed to operate the integrated heat pump. This 

significantly increases the electricity demand of the heating networks, the cost of which can 

be prohibitive in many European countries. Vannoni et al. [32] demonstrated that the 

integration of heat pumps for heat recovery would be advantageous only for low electricity 

price conditions. Furthermore, Averfalk et al. [33] investigated the operating situation of 

heat pumps in Swedish district heating systems and indicated that the increasing electricity 

prices have caused heat pumps to lose competitiveness in some areas. In some countries, 

such as Germany, the integration of low carbon captive power generators may be critical to 

drive such heat recovery heat pumps from an economic point of view due to high CO2 factors 

and electricity prices. 

In this context, the employment of a small cogeneration unit could be an ideal way to 

reduce the amount of electricity purchased from the grid as much as possible. There are 

various technologies that can be employed for decentralized small scale power cogeneration 

[34]. The ideal cogeneration technology is one that reliably delivers the required electrical 

output with a high level of electrical efficiency and at the lowest possible complexity and 

cost. Within this work, the most promising technologies for the cogeneration of electricity 

in a biomass heating network should be investigated and evaluated for techno- economic and 

environmental points of view. 

Another important point that deserves to be discussed is that the additional integration of 

heat pump and cogeneration unit also implies a high degree of complexity of the overall 

system, resulting in higher design requirements as well as higher initial capital costs. In a 

standard biomass heating network without heat pump and cogeneration unit, system 

efficiency is inversely correlated to the exhaust gas temperature. However, if other energy-

producing equipment are integrated, system efficiency will be influenced simultaneously by 

several factors. To maximize the benefits of a system that integrates heat exchangers, heat 

pumps and cogeneration units, the connections of these system components and their optimal 

sizing should be adequately planned. 
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Overall, the planning and construction of such a biomass energy system with the 

integration of multiple devices is a complex process. For diligent planning of the different 

possible complex systems, developing an optimization approach at the system level is 

necessary to account for the technical, economic, and environmental constraints as well as 

the interactions between the system components. Moreover, the connection variants of the 

heat pump and its various parameter choices makes the investigation of an optimization 

approach a feasible and recommended solution to achieve an optimal design of the entire 

system. 

1.3 Objectives and Methods 

Based on all points above, the main objective of this thesis is to develop a transferable 

method to optimize biomass heating networks (BHN) through innovative integration of heat 

pumps (HP) and, if necessary, a cogeneration (CHP) unit for onsite-power supply. 

To this end, a detailed simulation model will be proposed that enables the integration of 

HP and different types of CHP into biomass heating networks, considering complex 

thermodynamic processes, such as the impact of biomass fuels composition and the 

thermodynamic cycle of heat pumps, as well as the interactions between system components 

such as the different connection variants of the heat pump. To achieve optimization of the 

integration concepts, the model will be coupled with an independent optimization algorithm 

to identify the best combination of design parameters. 

To validate the proposed simulation model and evaluate the effectiveness of heat pump 

integration concepts in real-world applications, three biomass heating networks will be 

studied. The first two of which have already been equipped with compression heat pumps in 

different integration variants, while the third network represents a standard BHN in Germany 

without flue gas condensation and heat pump, which had a significantly bad experience with 

flue gas condenser without integration of heat pumps. Based on the real operation data 

collected, the actual effects of the heat pump integration concepts will be investigated , 

combining both real-world observations and simulations. The practical experience of the few 

real-world cases will be valuable in improving the concepts.  

Next, a thermodynamic analysis based on the first BHN will be performed to investigate 

the effect of the different technical parameters on heat pump integration. This aims to 

develop an ideal heat pump cycle.  
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Furthermore, a techno-economic comparison and analysis of different heat pump 

integration variants will be carried out for the feasibility study in Germany, with a focus on 

the third biomass heating network. This study will provide an overview of the differences 

between two heat pump connection variants, assess the suitability of different cogeneration 

technologies, and examine the impacts of different design parameters on the overall system. 

To optimize the proposed biomass heating networks with integrated heat pumps, a 

simulation-optimization framework will be implemented by combining the proposed 

simulation model with an independent genetic optimization algorithm. By identifying the 

optimization objectives and the range of the decision variables to be optimized, multi-

objective optimization of the system can be performed to find the most optimal system 

design. Where the techno-economic and environmental indicators can be considered as the 

optimization objectives, while the decision variables will include selectable integer and 

continuous design parameters of the system components, such as the design annual full 

utilization hours and air ratio of the biomass boiler, heat pump connection variants, heat 

pump operating temperatures, as well as the refrigerant selection. Utilizing the multi-

objective optimization approach, the most efficient system design will be identified based 

on the selected techno-economic or environmental indicators. This framework will enable a 

comprehensive and efficient optimization process to achieve the desired objectives. 

The main contributions and novelties of this work can be summarized as follows: 

 Development of a transferable method for integrating compression heat pumps in 

biomass heating networks for heat recovery. 

 Examination of the practical benefits of different heat pump connection variants 

based on operational data from the few real-world use cases. 

 Identification and evaluation of the techno-economic and environmental 

performance differences between the two heat pump connection variants under similar 

conditions. 

 Investigation of the impact of various design parameters on the overall techno-

economic performance of the biomass district heating system. 

 Comparison and evaluation of the most promising cogeneration technologies for 

for onsite-power supply. 
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 Development of a multi-objective simulation-optimization framework using the 

heuristic algorithm to maximize the benefits of the proposed integrated system.  

The proposed method in this work can serve as a supportive decision-making tool for 

evaluating the techno-economic and environmental potentials of heat pump integration into 

biomass heating networks, and for optimizing the parameter design of different system 

components. 

1.4 Structure of thesis 

The overall structure of this thesis is depicted in Figure 1 and can be summarized as 

follows: 

Chapter 1 introduces the background and outlines the problems that are currently faced, 

from which the main objectives and potential contributions of this research are derived. 

Chapter 2 describes the technologies of the system components involved in this thesis, 

including their basic principles and the current state of the art. In addition, the technical focus 

of this work is identified, i.e., the recovery of waste heat by compression heat pumps (Section 

2.3.4). Section 2.4.2 provides a preliminary selection of potentially suitable cogeneration 

technologies for self-power generation. 

Chapter 3 focuses on the introduction of the different integration concepts. Section 3.1 

outlines how different system components can be integrated into the system and the 

functions they achieve. The second part, Section 3.2, defines the systems with different 

integration concepts and analyzes the complexity of the different systems based on their 

mass and energy flows. 

Chapter 4 provides a comprehensive description of the proposed simulation model, where 

Section 4.1 presents the modeling of the different system components and Section 4.2 

illustrates how the different component models are integrated into the system model. Section 

4.3 defines the indicators to evaluate the different integration concepts from system level. 

Chapter 5 elucidates how the simulation model proposed in Chapter 4 can be coupled with 

an independent genetic optimization algorithm as an optimization framework. Section 5.2.1 

presents the mathematical representation of the optimization framework and Section 5.2.2 

describes the detailed optimization process. 
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Chapter 1: Introduction

Chapter 2: Basics of the system components and state of the art

Chapter 3: Overview of the different integration concepts and pre-analysis of the systems

Chapter 4+5: Methodology: 

 Modeling of system components 

 Integration process into System

 Definition of evaluation indicators 

 Development of the optimization framework 

Chapter 6: Description and analysis of 

selected heating networks

Chapter 7: Evaluation and discussion of 

investigated biomass heating networks

Chapter 9: 

Techno-economic analysis 

of the HP integration 

concepts

Chapter 10: 

Techno-economic analysis of 

the HP-CHP integration 

concepts

Chapter 8: 

Thermodynamic analysis of 

the heat pump cycle

Chapter 11: Implementation of system optimization

Chapter 12: Conclusion and outlook
 

Figure 1: Overview of the thesis structure 

Chapter 6 introduces the three real biomass heat networks that are the focus in this thesis, 

including their system configurations, technical parameters, and operating parameters. In 

Chapter 7, the reliability of the proposed model is verified by simulating the selected heating 

networks, and a comprehensive evaluation of the three heat networks is conducted. 

Chapter 8 conducts an analysis of the impact of heat pump cycles on system efficiency. 

Chapter 9 presents a technical and economic comparison and analysis of different heat pump 

integration variants, i.e., flue gas side integration and network side integration. The analysis 

also includes the impact of different techno-economic parameters on the results. Chapter 10 

provides a techno-economic analysis of the integration of different cogeneration 
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technologies, using flue gas side integration concept as an example, and analyzes the impact 

of different parameters.  

Chapter 11 performs a multi-objective optimization of the system based on the proposed 

optimization framework and provides a thorough analysis and discussion of the results 

obtained through the optimization process.  

Lastly, Chapter 12 provides a comprehensive summary of the thesis, including its major 

findings, and outlines outlook of this research. The effectiveness of the proposed method in 

achieving the desired outcomes is evaluated and its potential for future applications is also 

discussed. 
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2. Basics of the system components and state of the art 

This chapter provides an overview of the theoretical background and the state of the art 

for the thermal utilization of solid biomass and technologies for recovery of waste heat from 

its flue gas through heat pumps. Firstly, the technical fundamentals of biomass utilization 

and its combustion, as well as the status of biomass heating are introduced in Section 2.1. 

Section 2.2 presents the working principle, the influencing parameters, and the status of the 

application of flue gas condensation technology and points out the current problems of the 

application. Section 2.3 describes the technical background of heat pumps and their current 

status of research and applications for heat recovery, and compares the applicability of 

absorption heat pumps and compression heat pumps to the addressed research topic. Finally, 

Section 2.4 discusses various small scale cogeneration technologies that could be used for 

the onsite-power supply for heat pumps and offers a comparison of the advantages and 

disadvantages for the integration into a biomass heating network. 

2.1 Biomass heating plants 

2.1.1 Biomass as fuel 

Biomass comprises all organic matter of plant or animal origin that has not yet been 

classified as fossil raw materials [35]. In practice, the use of biomass as a fuel is widespread, 

however, its application is highly geographically limited due to transportation costs. 

Specifically, most wood chips used as biomass originate from nearby areas [36,37]. The use 

of residual and waste materials, as well as special crops such as miscanthus, also occurs 

sporadically in practice.  

Biomass fuels typically have a water content ranging from 8 % and 60 % relative to the 

fresh substance. During combustion, the moisture of the biomass is evaporated and the 

hydrogen atoms react with oxygen to form water vapor.  

When burning dry fuels at a low air ratio, the efficiency of the boiler is higher compared 

to burning wet fuels. The reason for this is that, during the combustion of dry fuels, a smaller 

proportion of the fuel's available energy (calorific value) is consumed to heat and evaporate 

the fuel's water content, thereby increasing the combustion temperature in the chamber. As 
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shown in Figure 2, the higher starting point of combustion temperature also enables more 

effective cooling of the flue gases at the same exhaust gas temperature. 

 

Figure 2: Fuel utilization efficiency of a boiler with different water contents at different gas 

temperatures (own representation, adapted from [17]). 

However, at low fuel water contents, combustion temperatures often rise to an 

unacceptable range, leading to the sintering and softening of fuel ash on the grate [38]. 

Common countermeasures to lower the combustion temperature include increasing the 

combustion air flow or recirculating flue gas. For this reason, many heating plants prefer 

using biomass fuels with relatively higher water content. These are less expensive but cannot 

be stored for long periods due to the high moisture, as substance degradation by 

microorganisms and mold growth occurs. However, this is not a significant problem in many 

regions, as the logistics of most heating plants are designed for a short storage period of only 

a few weeks at most. The use of moist fuels is therefore feasible in principle and is also 

carried out in practice. Yet, higher water contents also lead to low boiler efficiency, as also 

seen in Figure 2. To compensate for the disadvantage in boiler efficiency, the use of flue gas 

condensation is recommended. 
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Moreover, due to the different physical properties, such as water content and ash sintering 

temperature, heating plant design needs to be adapted to the fuel. Hartmann et al. [39] 

pointed out that the chosen fuel is an essential basis for the design and layout of the plant 

and can therefore not be easily changed during operation. Possible exceptions to this are, for 

example, to replace the design fuel with a higher quality alternative, e.g., wood pellets in 

place of straw or wood chips. In addition, a trouble-free operation can often be ensured for 

fuels within a tolerance range around the design point, which may allow for the mixing of 

different materials. Moreover, for some boilers, adding a second burner for alternate fuels, 

such as pellets, oil or gas, is also possible. 

2.1.2 Biomass combustion furnace 

The most important equipment in a biomass heating plant is the combustion furnace, 

where the energy contained in the fuel is converted into thermal energy. The engineering of 

plant components and the associated planning and operational know-how have significantly 

improved since the 1980s. Extensive studies for these have been conducted in this field, 

notably at the Technical University of Graz [40–43] and the ETH Zurich [44,45] during the 

1990s. Well-planned heating plants still have an excellent economical basis today. However, 

there are also many plants whose planning and operation is insufficient for various reasons, 

leading to poorer economic performance. 

Figure 3 illustrates an example of the schematic structure of a standard biomass heating 

plant, showcasing typical combustion technology equipped with flue gas recirculation and 

cleaning. Starting from the bottom, the diagram shows a boiler with fixed-bed firing. A 

typical feature of biomass combustion, such as with wood chips, is the staged air supply. 

This means dividing the combustion air into primary air, supplied to the fixed bed, and 

secondary air, supplied above the bed to the upper combustion chamber. This allows the 

complete combustion without exceeding the ash softening temperature of biomass on the 

grate [17]. Additionally, flue gas recirculation helps to prevent excessive temperatures in 

the boiler and reduce NOx emissions. Additional preheating of the combustion air is also 

possible, but not shown in this example. 

It should also be noted that compressed air is regularly injected into the first and second 

flue gas passages. This is one way of removing impurities from the heat exchanger surfaces. 
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Alternatively, this cleaning can also be performed mechanically by scraping, knocking, or 

water jet [46]. 
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Figure 3: Layout of a standard biomass heating plant with flue gas recirculation (adapted from 

[17]). 

The furnace is followed by flue gas treatment, which starts in the example with a multi-

cyclone that removes coarse particles from the flue gas. An improved dust removal can be 

done with an electrostatic precipitator. Depending on fuel quality, plant size and year of 

commissioning, the flue gas treatment process can be simpler or more complex. This is 

usually necessary to comply with applicable emission protection laws. For the proper design 

of electrostatic precipitator systems, various input parameters must be considered [47]. 

In practice, the required heat is often provided by several boilers together when the plant 

reaches a certain size (as also seen in Figure 3). The motivation behind this configuration is 

to facilitate the utilization of heterogeneous energy sources through disparate boilers.  More 

importantly, it addresses operational constraints that vary significantly with boiler design. A 
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multiple boiler design can improve the threshold of controllability. For instance, 

conventional biomass boilers are capable of part-load operation up to 30% of their rated 

capacity [39]. To compensate for periods of low demand that fall below the operational 

threshold of the boilers, it is essential either to maintain a buffer storage of significant 

capacity or to employ additional small-scale heat generators. These generators must also be 

capable of functioning efficiently with a lower heat consumption. These can be realized 

through the implementation of a gas boiler or oil boiler, which typically offers improved 

control dynamics. Another purpose of the multiple boiler design is to maximize the 

utilization and efficiency of the "main boiler" by distributing peak loads among additional 

auxiliary boilers. 

2.1.3 Status of biomass heating systems 

The expansion of biomass heating took off in many European countries in the 1990s with 

robust policy support and significant financial incentives, especially in Germany. The 

motivation for this expansion was the independence of energy supply from fossil energy 

sources. Also, the financial promotion, reduction of heating costs and utilization of locally 

produced biomasses, are also decisive drivers for this. These heating networks provide a 

low-emission heat supply for local houses and other facilities. By 2021, there are 

approximately 1200 biomass heating plants with a thermal output of greater than 500 kW 

and around 170 bioenergy villages in Germany [48]. These villages meet a substantial portion 

of their electricity and heat requirements predominantly through locally sourced biomass. 

For instance, the bioenergy village Büsingen [49] (1,390 inhabitants) combines solar thermal 

energy and a woodchip plant in its local heating network. Another example of a rural heating 

network with central bioenergy plants (biogas plant, woodchip plant) is the village of Jühnde 

[50] (750 inhabitants). 

During the initial stages of biomass heating networks' development, the focus was not 

placed on energy conversion efficiency, largely due to the favorable prices of biomass fuel 

at the time. Consequently, many biomass heating networks currently operate with 

efficiencies that are inferior when compared to those of natural gas furnaces. Generally, the 

average annual energy conversion efficiency - from fuel to final energy for consumers – 

ranges from 55 and 80% in biomass heating plants that are connected local heating networks 

[17,51]. However, studies in [19] have shown that, due to the increase in biomass energy 
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prices and the development of alternative technologies in the last decade, it has become 

increasingly important to improve the efficiency of biomass heating plants to enhance their 

competitiveness.  

Local district heating networks are often operated for extended periods, sometimes 

spanning up to five decades. Typically, the repayment period for these heating systems in 

urban areas ranges from 15 to 30 years. The furnaces, on the other hand, have a shorter 

expected lifespan, approximately 20 years. Therefore, operators of biomass heating plants 

established between 1995 and 2005 are now facing the need for new investments in essential 

system components, including the combustion mechanism, boilers, and pumps. With the new 

investments, the operators have the opportunity to implement additional efficiency-

increasing measures. Beyond enhancing efficiency, another significant consideration is the 

reduction of emissions from biomass heating plants. This has become a priority as European 

governments have introduced regulations mandating specific actions for emission reduction. 

In Germany, for instance, important aspects are the reduction of particulate matter, CO and 

NOx emissions , in alignment with the Federal Immission Control Act (BImSchV)3 [52,53]. 

2.2 Flue gas condensation 

To increase the boiler efficiency of a biomass heating plant, the installation of a flue gas 

condenser (COND) is an effective instrument [21]. A flue gas condenser is essentially a heat 

exchanger that cools the exhaust gases to below their dew point. Consequently, water vapor 

condenses into liquid, releasing the heat of condensation. This phase transition liberates a 

substantial quantity of low-temperature heat, typically around or below 55 °C. 

2.2.1 Working principle and structural design 

The flue gas condensation is a very effective way to increase the utilization rate of 

biomass. The fuel utilization rate 𝜂𝑢𝑡𝑖𝑙 of a biomass heating system is defined as follows 

[35]: 

𝜂𝑢𝑙𝑡𝑖 =  
𝑄𝑢𝑡𝑖𝑙

𝐻𝑓𝑢𝑒𝑙
(1) 

                                                 

3  Ordinance on the Implementation of the Federal Immission Control Act (in German: Verordnung zur 

Durchführung des Bundes-Immissionsschutzgesetzes) 
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Where 𝑄𝑢𝑡𝑖𝑙 stands for the utilized heat by the whole biomass heating plant and 𝐻𝑓𝑢𝑒𝑙  

stands for the chemical energy supplied in the form of biomass fuel based on the lower 

heating value. This rate is particularly relevant for assessments over extended periods, such 

as a calendar year, which accounts for varying operational conditions and inherent energy 

losses throughout the entire system [35].  

As mentioned above, the annual average biomass utilization rate typically reaches up to 

approximately 80 %. Implementing a flue gas condenser in the plant can potentially  increase 

the fuel utilization rate by up to 30 % under certain conditions [22]. When the lower heating 

value (LHV) is used as the benchmark, this improvement can theoretically result in an 

efficiency exceeding 100 %. By definition, The LHV accounts only for the energy released 

when the water produced during combustion remains in vapor form [54]. Thus, the latent 

heat released when the fuel's water is converted from gaseous to liquid is not considered in 

equation (1). With a flue gas condenser, the heat of condensation can be utilized, making 

efficiencies greater than 100 % possible. Boilers that incorporate this technology are 

commonly known as condensing boilers due to their ability to condense the exhaust gas and 

capture this additional heat. 

There are various options for extracting heat from the exhaust gas. This can be achieved 

by means of a non-contact heat exchanger in the exhaust gas path or by direct contact of the 

exhaust gas with the cooling medium [22]. A compact overview of both variants is provided 

by Figure 4. 
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Figure 4: Condensation of water vapor in the flue gas, left: Indirect-contact flue gas condensation 

using heat exchange bundles, right: Direct-contact flue gas condensation by means of injection of 

quench water (evaporative cooling and subcooling) (own representation, adapted from [17]). 
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Indirect-contact flue gas condensation 

In indirect-contact flue gas condensation, the cooling medium circulates through the 

condenser tube bundle within the heat exchanger, facilitating heat transfer between the 

exhaust gas and the cooling medium without direct contact. This can employ either plate 

heat exchangers or shell-and-tube heat exchangers. According to [22], shell-and-tube heat 

exchangers are often preferred due to their lower maintenance and cleaning requirements. 

A variety of materials are suitable for use in these heat exchangers, with stainless steels 

being the most utilized due to their durability and corrosion resistance. Other materials like 

ceramics, carbon, and glass are less frequently used, due to specific considerations such as 

cost, availability, or performance characteristics in certain environments. 

The heat transferred can be calculated using the general formula: 

�̇�ℎ𝑒𝑥 = 𝑈 ∗ 𝐴 ∗ ∆𝑇𝑚 (2) 

Where �̇�ℎ𝑒𝑥 represents the heat transfer rate. A represents the total heat transfer area. ∆𝑇𝑚 

is the logarithmic mean temperature difference between the two fluids in the heat exchanger. 

And U is the total heat transfer coefficient (W/m2K). 

During design of a heat exchanger, determining the correct value of the total heat transfer 

coefficient U is essential but often imprecise [55]. This coefficient is influenced by various 

factors, including the geometry of the heat exchanger, the material of pipes and the coating 

layers, as well as the physical properties of the flue gas such as its density, viscosity, thermal 

capacity, thermal conductivity. Additionally, the properties and flow rate of the cooling 

medium also affect the U value. The determination of U requires an experimental approach, 

the exact calculation method is described in Appendix A. 

Direct-contact flue gas condensation 

In contrast to the above-mentioned structure, an alternative structural design of flue gas 

condensation is the use of substantial quantities of water, as depicted in Figure 4 (right). In 

this configuration, the flue gas comes into direct contact with circulating water, allowing for 

simultaneous heat and mass transfer. The water vapor in the flue gas condenses upon contact 

with the cooler circulating water, transferring its latent heat to it. Following this, the heated 

circulating water will be recooled by the return flow from the local heating network. This 
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recooling process occurs through an additional heat exchanger, which is situated externally 

to the condenser. 

The working principle of direct-contact flue gas condensation can be expressed by the 

following mass and energy balance equations: 

�̇�𝑓𝑔,𝑑𝑟𝑦
𝑖𝑛 ∗ 𝑥𝐻20,𝑓𝑔,𝑖𝑛 + �̇�𝑐𝑤

𝑖𝑛 = �̇�𝑓𝑔,𝑑𝑟𝑦
𝑜𝑢𝑡 ∗ 𝑥𝑠𝑎𝑡 𝐻20,𝑓𝑔,𝑐𝑜𝑛𝑑 + �̇�𝑐𝑤

𝑜𝑢𝑡 (3) 

Where �̇�𝑓𝑔,𝑑𝑟𝑦
𝑖𝑛  and �̇�𝑓𝑔,𝑑𝑟𝑦

𝑜𝑢𝑡  are the dry mass flow rates of inlet and outlet flue gas (kg/s), 

respectively, which should be the same. 𝑥𝐻20,𝑓𝑔,𝑖𝑛 denotes the water vapor content of the 

flue gas entering the condenser (kgH20/kgfg, dry), while 𝑥𝑠𝑎𝑡 𝐻20,𝑓𝑔,𝑐𝑜𝑛𝑑 denotes the saturated 

water vapor content at the average temperature of the condensing surface (kgH20/kgfg, dry). 

�̇�𝑐𝑤
𝑖𝑛  and �̇�𝑐𝑤

𝑜𝑢𝑡  represent the mass flow rates of the cooling water at the inlet and outlet 

(kg/s), respectively. 

�̇�𝑓𝑔,𝑑𝑟𝑦
𝑖𝑛 ∗ (ℎ𝑓𝑔,𝑑𝑟𝑦

𝑖𝑛 + 𝑥𝐻20,𝑓𝑔,𝑖𝑛 ∗ ℎ𝐻20,𝑓𝑔,𝑖𝑛
𝑖𝑛 ) + �̇�𝑐𝑤

𝑖𝑛 ∗ ℎ𝑐𝑤
𝑖𝑛 =

�̇�𝑓𝑔,𝑑𝑟𝑦
𝑜𝑢𝑡 ∗ (ℎ𝑓𝑔,𝑑𝑟𝑦

𝑜𝑢𝑡 + 𝑥𝑠𝑎𝑡 𝐻20,𝑓𝑔,𝑐𝑜𝑛𝑑 ∗ ℎ𝑠𝑎𝑡 𝐻20,𝑓𝑔,𝑐𝑜𝑛𝑑
𝑜𝑢𝑡 ) + �̇�𝑐𝑤

𝑜𝑢𝑡 ∗ ℎ𝑐𝑤
𝑜𝑢𝑡 (4)

 

In this equation, ℎ𝑓𝑔,𝑑𝑟𝑦
𝑖𝑛 , ℎ𝐻20,𝑓𝑔,𝑖𝑛

𝑖𝑛 , ℎ𝑐𝑤
𝑖𝑛 , ℎ𝑓𝑔,𝑑𝑟𝑦

𝑜𝑢𝑡 , ℎ𝑠𝑎𝑡 𝐻20,𝑓𝑔,𝑐𝑜𝑛𝑑
𝑜𝑢𝑡 , and ℎ𝑐𝑤

𝑜𝑢𝑡  indicate 

enthalpies of the respective flows at their corresponding temperatures (kJ/kgK). The heat 

transfer rate can be calculated as: 

�̇�ℎ𝑒𝑥 = �̇�𝑐𝑤
𝑜𝑢𝑡 ∗ ℎ𝑐𝑤

𝑜𝑢𝑡
− �̇�𝑐𝑤

𝑖𝑛 ∗ ℎ𝑐𝑤
𝑖𝑛

(5) 

The primary drawback of the direct-contact flue gas condensation is the high electrical 

energy consumption, which is necessary for pumping the substantial volumes of quench 

water. Additionally, this method is prone to lime deposits forming in the condenser. The 

advantage is a low susceptibility to corrosion due to the highly diluted and wet operation. 

The main product suppliers for large-scale plants are the companies Scheuch, Heger and 

SaveEnergy from Austria and Switzerland. 

It is observed from available data that most plants in practice tend to favor the indirect-

contact flue gas condenser over the direct-contact method. 

Both the indirect-contact and direct-contact flue gas condensation systems, in addition to 

their cooling effects, contribute to reducing particulate emissions from the exhaust gas. On 

the one hand, soot and ash particles separate on water droplets and can thus be discharged 

together as condensate sludge. On the other hand, the lower temperatures achieved also lead 
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to the condensation of unburned, volatile hydrocarbons, which would otherwise appear as 

aerosols in the exhaust gas. However, the process of particle separation can present 

challenges. If the design of the equipment does not adequately account for the removal of 

the generated condensate sludge, it can lead to increased maintenance demands. To mitigate 

this, it is recommended that an electrostatic precipitator should be installed upstream of the 

flue gas condensation system [47]. Additionally, the treatment of the condensate is a critical 

aspect of the system's design. Typically, at least one settling tank is necessary for the 

process. Depending on the pH value, it may also be necessary to add (sodium) hydroxide 

solution for neutralization to reduce the solubility of heavy metals, as the fine particles 

separated here are heavily contaminated [56]. 

Possibilities for using the residual heat in the exhaust gas after condensation are described 

in [17]. Due to its low temperature, this heat is technically viable mainly for air preheating. 

This heat can be utilized either to preheat the combustion air, enhancing the plant efficiency, 

or to warm up the de-vaporization air to reduce the energy demand for ventilation, as shown 

in Figure 4. 

Besides, it should be noted that the term “flue gas condensation system” in the figure - as 

is sometimes the case in practice – may refer not only to the individual component 

condenser, but also the entire setup encompassing the economizer, condenser and de-

vaporization unit. 

In the design of a flue gas condensation system, one common issue is the non-optimal 

design of the heat exchanger's gas flow, including flow rate and temperature. This problem 

can significantly diminish the performance of the system. A notable challenge arises in 

heating networks with fluctuating temperatures. The fluctuating network temperatures in 

heating networks can disrupt continuous operation and full gas condensation, increasing 

corrosion risks and potentially damaging the heat exchanger. This can lead to the accelerated 

degradation of the heat exchanger due to the accumulation of corrosive compounds on its 

surface and subsequent corrosion. 

A promising solution to this issue is the integration of heat pumps, which is the key focus 

of the research discussed in this work and will be further elaborated in the following content. 
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2.2.2 Influencing variables 

The efficiency gain achieved through flue gas condensation is significantly influenced by 

several key factors, including air ratio of combustion, exhaust gas temperature after the 

condenser (which depends on the temperature level of the cooling medium, for example, the 

return flow of the district heating network) and the fuel water content. 

Air ratio 

The air ratio is specified as a dimensionless number 𝜆, which represents the ratio of the 

actual volume of air supplied for combustion 𝑚𝑎𝑖𝑟  to the minimum amount of air required 

for complete combustion of the fuel 𝑚𝑎𝑖𝑟,𝑚𝑖𝑛 [57]. 

𝜆 =
𝑚𝑎𝑖𝑟

𝑚𝑎𝑖𝑟,𝑚𝑖𝑛
(6) 

To achieve complete oxidation of the fuel, sufficient combustion air must be available. 

The minimum required air volume 𝑚𝑎𝑖𝑟,𝑚𝑖𝑛  describes the stoichiometrically necessary 

amount of air for the complete chemical combustion of the fuel. Since the mixing of 

combustion gases and fresh combustion air in the combustion chamber is not always 

optimal, in practice more fresh air is supplied than is stoichiometrically necessary. This 

results in an air ratio 𝜆 of between 1.2 and 2.7 [39]. Additionally, there is an alternative 

formula for determining the air ratio, which is based on the measurement of certain gas 

properties and is detailed in [58]. 

𝜆 =
21

21 − 𝑂2,𝑑𝑟𝑦
(7) 

In this process, the excess air ratio 𝜆 is determined by the dry volume concentration of 

oxygen in the dry flue gas. 𝑂2,𝑑𝑟𝑦, which is easy to be measured. This method offers a 

different approach to calculating λ, often used for its practicality in operational settings. 

In the context of flue gas condensation, a low air ratio is beneficial for enhancing 

efficiency. A lower air ratio leads to more effective flue gas condensation, because it 

reduces the "dilution" of the flue gas with air, which in turn maintains a higher moisture 

content in the flue gas. High moisture levels are conducive to condensation, facilitating the 

release of latent heat from the exhaust gas. Thus, it is crucial to avoid excess mixing of 

water vapor with combustion air by minimizing the air ratio. 
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To ensure complete fuel combustion despite a lower air ratio, flue gas recirculation can 

be implemented in the flue gas path. This process involves recycling cooled-down flue gases 

back into the furnace. Typically, flue gas is extracted at temperatures between 100-200 °C 

either downstream of the boiler econmiser, or downstream of the flue gas cleaning units. 

These flue gases have a low residual oxygen content. By feeding them back into the 

combustion process, the air ratio λ can be lowered, which reduces the residual oxygen 

content in the flue gas. In addition to the positive effect on flue gas condensation, The flue 

gas recirculation can also contribute to reducing NOx and CO emissions [59]. Additionally, 

flue gas recirculation can help maintain lower combustion temperatures, ensuring that the 

temperature remains below the ash softening point. This aspect is crucial for preventing 

operational issues related to ash handling and deposition [17]. 

Fuel water content 

The efficiency improvement obtained through flue gas condensation is also significantly 

influenced by the fuel water content. The definition of the fuel water content is the ratio of 

the mass of water in the fuel 𝑚𝑊 to the sum of the mass of the absolutely dry fuel 𝑚𝑓𝑢𝑒𝑙,𝑑𝑟𝑦 

and the mass of water in the fuel 𝑚𝑊 [60]: 

𝑤 =  
𝑚𝑊

𝑚𝑓𝑢𝑒𝑙,𝑑𝑟𝑦 + 𝑚𝑊
(8) 

The proportion of water in the fuel is usually specified as fuel water content. Alternatively, 

it can also be given as fuel moisture 𝑢. The conversion from fuel moisture 𝑢 to fuel water 

content 𝑤 is performed according to the following equation [60]: 

𝑤 =
100 ∗ 𝑢

100 + 𝑢
(9) 

Increased fuel moisture, resulting in a higher amount of water vapor in flue gas, is 

favorable for flue gas condensation. Thus, drying the fuel in conjunction with flue gas 

condensation should generally be avoided, as it decreases the efficiency of the 

condensation process. Even though fuel drying can provide some benefits, such as 

stabilizing the combustion process and reducing storage losses [61].  

In addition, as described in section 2.1.1, increased fuel moisture is often advantageous, 

particularly in keeping the combustion temperature low. This aspect is crucial because if 

the furnace temperature is above the ash softening temperature, it leads to the formation 
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of deposits. Such deposits can significantly impair heat transfer within the boiler, affecting 

its efficiency and potentially leading to operational challenges [58]. 

Exhaust gas temperature 

Another parameter associated with the efficiency increase through flue gas condensation 

is the exhaust gas temperature after the condenser. This temperature provides an indication 

of how much heat has been removed from the flue gas by condensation. The exhaust gas 

temperature after the condenser corresponds to the lowest temperature level of the heat 

demand, which is typically associated with the return flow of the district heating network. 

The return flow from the local heating network or from other heat consumers has a system-

dependent temperature, which represents the minimum temperature to which the flue gas 

can be cooled. A lower temperature level of this return flow enables more extensive cooling 

of the flue gas, thereby enhancing the efficiency of the flue gas condensation process.  

This relationship is illustrated in Figure 5. Under the specific conditions on which Figure 

5 is based (ambient pressure 1.013 bar, wood chips as fuel), the flue gas condenses from 

approx. 70 °C onwards. The diagram clearly shows that the slope of the curve changes 

sharply at a specific temperature point. The further the gas temperature falls below the 

condensation temperature, the more effective the flue gas condensation. As the exhaust gas 

temperature falls below the condensation temperature, an increasing amount of latent heat 

becomes usable, which increases the boiler efficiency to a maximum of 117 %. 

 

Figure 5: Example of the boiler efficiency of a wood chip biomass boiler related to the lower heating 

value as a function of the flue gas temperature (own illustration based on a simple simulation). 
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2.2.3 Current status and challenges 

Flue gas condensing technology is now already standard in fossil-fuel firing systems 

based on natural gas and heating oil, which has been already fully recognized and 

implemented in household. However, for biomass heating networks, flue gas condensation 

is not yet broadly applied. Only due to external legal pressure within the framework of the 

Ecodesign Directive [62] and the tightening of the emission limits [63,64], manufacturers of 

small boilers are increasingly considering the integration of flue gas condensation 

technology as a supplementary feature to enhance the functionality of the boiler. In the small 

capacity range, for example, This concept has been already realized by manufactures, like 

Ökofen [65] and Fröling [66], as integrated components. 

For biomass heating plants with medium capacity, flue gas condensation technology is 

still rare, despite its advantages. This is mainly attributed to the high return temperatures 

prevalent in existing heating networks [67]. Most old networks have a return temperature of 

more than 55 °C, while effective flue gas condensation typically requires temperatures 

below this threshold [17]. Consequently, water vapor condensation in the flue gas condenser 

is impeded without additional interventions, preventing the direct utilization of the flue gas's 

latent heat. 

In Germany, heating networks with low return temperatures have been demonstrated 

mainly in research projects, often in combination with solar thermal systems. One example 

is the heat supply at the Ackermannbogen in Munich [68]. Achieving such low return 

temperatures requires meticulous planning and implementation, which is not common in 

current standard practices. For this reason, only few networks have return temperatures of 

below 55 °C. Modifying the return temperature in existing networks is challenging and must 

be assessed on a case-by-case basis, which hinders the straightforward implementation of 

condensation technologies.  

Furthermore, the operation of a flue gas condensation system in the existing plants is seen 

as critical if the network return temperature fluctuates strongly. Fluctuating temperatures, 

especially when the temperature is often above 55 °C, can lead to intermittent condensation, 

causing severe corrosion efffects and rapid deterioration of the condensation system [69]. 

Heat pump technology offers a solution in such scenarios. By cooling the flue gas in the 

condenser or by cooling the network return, the heat pump ensures that the flue gas 
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temperature reliably falls below the dew point temperature. It also elevates the temperature 

level of the recovered heat to match the local heating network, allowing for the utilization 

of latent heat. In addition, heat pumps stabilize the temperature in the condenser heat 

exchanger bundles, thus enabling the reliable use of the flue gas condensation even in 

existing heating networks with high return temperature levels. 

2.3 Heat pump 

As mentioned above, the challenge of operating flue gas condensation can be effectively 

addressed through the integration of a heat pump. The integrated heat pump cools the flue 

gas, either directly or indirectly, ensuring that its temperature reliably falls below the dew 

point temperature. 

In general, a heat pump refers to a technical device that extracts heat at a low temperature 

and releases it at a higher temperature level [70]. Numerous options are available to achieve 

this, based on various physical phenomena. In practice, two main types of heat pump are 

employed: the compression heat pump and the absorption heat pump. This section first 

introduces the technical basis of these two types of heat pumps in section 2.3.1 and section 

2.3.2, respectively. Then the current status of their research and application in heat recovery 

is presented in section 2.3.3. Finally, section 2.3.4 compares the pros and cons of the two 

types of heat pumps and establishes the research focus of this thesis. 

2.3.1 Compression heat pumps 

The compression heat pump typically operates on the Reversed Clausius-Rankine process 

(counterclockwise) [71], also known as the vapor-compression refrigeration cycle. 

Additionally, it is possible to develop a heat pump based on a reversed Joule process [72]. 

However, as this technology is not yet considered state of the art, this work focuses 

exclusively on the conventional compression heat pump. This involves a counterclockwise 

cycle in the wet steam region of the working fluid with 4 steps: compression, condensation, 

expansion and evaporation. 
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Figure 6: Simplified scheme of a heat pump (a) and the thermodynamic cycle of a heat pump: T-s-

diagram (b); ln p-h-diagram (c) (own illustration). 

Ideally, the compression and expansion processes are isentropic, while the evaporation 

(heat gain) and condensation (heat dissipation) processes are isobaric. The expansion 

process is typically implemented using an adiabatic throttling valve. A schematic 

representation of the heat pump and the corresponding thermodynamic diagrams are 

presented in Figure 6. However, in practice, the phase transition process often does not end 

precisely at the saturation or dew point of the working medium. Instead, it typically involves 

subcooling of the saturated liquid and superheating of the saturated vapor. Additionally, 

technical power losses in the compressor cause the 'isentropic' state changes in the T-s 

diagram to appear inclined. Furthermore, the isobaric state change of the refrigerant cannot 

be fully realized due to the flow pressure loss [73]. 

The four steps of the heat pump are implemented by four main components, as depicted 

in Figure 6. Among these, the most important component is the compressor, which has 

different construction designs and working principles. 



2 Basics of the system components and state of the art 26 

Compressors 

The design of a compressor can vary significantly, regardless of the working principles. 

In [74], compressors are classified into hermetic, semi-hermetic and open design, as 

illustrated in Figure 7. The hermetic design, characterized by the motor and compressor 

being enclosed in a sealed housing, is prevalent in low-capacity applications like 

refrigerators and household heat pumps. This design's primary advantage is the elimination 

of rotary unions, allowing for simple and reliable sealing. Additionally, the refrigerant cools 

the motor, enhancing efficiency. However, this design may be problematic, or even 

unsuitable, for aggressive media such as ammonia [75]. A notable disadvantage of the 

hermetic design is the difficulty in conducting repairs or maintenance. In cases where 

maintenance is necessary, such as in heavily used industrial plants, the semi-hermetic design 

is preferable. This design features a joint, separable housing for the compressor and motor, 

granting access to the internal components. For higher capacities or when more flexibility is 

required in the drive mechanism, the open design is chosen. In this design, the compressor 

is a separate unit from the motor, with power transmitted via a shaft extending out of the 

compressor housing, which requires radial sealing. 

 

Figure 7: Compressors with different designs: (a) hermetic [76], (b) semi-hermetic [77], (c) open 

[78]. 

With regard to the working principles, there are also several possibilities for 

implementation, such as piston, screw, scroll, or turbo compressors (as seen in Figure 8). 
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Figure 8: Compressors with different working principles (own illustration, adapted from [79]). 

Piston compressors: Also known as reciprocating compressors, piston compressors are 

the oldest type, being relatively simple to manufacture and seal [80]. Their design is 

comparable to that of a piston engine, presenting similar challenges in compensating for 

vibrations. For internal power control, cylinder deactivation is predominantly used, whereby 

the number of partial load stages depends on the number of cylinders [81]. The achievable 

pressure ratios may be limited by the polytropic compression, due to the maximum 

permissible heating of the gas [82]. 

Screw compressors: Positioned in the medium performance segment, screw 

compressors are more complex to manufacture but offer maintenance advantages due to low 

mechanical wear [82]. However, the average efficiencies are worse than those of piston 

compressors, mainly due to frequent part-load operation. Performance adjustment within the 

compressor is possible through the use of a control slide valve, which reduces the active 

rotor length as necessary [81]. 

Scroll compressors: Often found in the low power range (up to a few kW), scroll 

compressors are limited in market capacity range to this segment. They are typically 

hermetically sealed [74] and have a comparatively simple design requiring minimal 

maintenance. The possibilities for internal capacity control are limited, since these measures 

are either less efficient (e.g. bypass) or complex to implement [74]. 

Turbo compressors: Turbo compressors are categorized into centrifugal and axial types 

[83]. In axial design, the gas flows parallel to the shaft. While in centrifugal design, the gas 

enters axially into the impeller and is then deflected outward (radially). Therefore, Multi-

stage compressors with radial designs require flow diversion after each stage. Generally, 
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axial compressors deliver higher flow rates, while centrifugal compressors produce higher 

pressures. The combined design draws a large volume flow through its axial stage group, 

which is then compressed to a high pressure in the subsequent radial stage group. Diagonal 

compressors [84] , for example, are a combination of these two principles. 

An important metric for evaluating and comparing compressors is the pressure ratio ( 

equation (10)). This ratio indicates the pressure increase between the suction and discharge 

sides of the compressor. The delivery performance, determined by the pressure difference, 

varies significantly based on the working principle. 

π =
𝑝𝑐

𝑝𝑒
(10) 

However, if a desired pressure ratio cannot be achieved with a single compressor or the 

favored working principle, it is not necessary to switch to another type: Multi-stage 

compression, i.e. the serial connection of several compressors, offers the possibility to attain 

higher pressures and is available on the market as a specialized, integrated component. 

Furthermore, efficiency in compression is another key figure of a compressor. Losses 

occur due to non-ideal isentropic compression, additional mechanical losses in the 

compressor (such as friction on bearings, etc.) and motor efficiency. Motors are usually 

electrically driven, and modern electric machines, often controlled via power electronics 

(e.g., frequency converters), may also contribute to losses. These factors influence both the 

energy consumption and the gas discharge temperature of the compressor. There are 

significant differences in this regard among various compressor designs. In (semi-)hermetic 

compressors, the working medium cools all system components, potentially including any 

power electronics. Therefore, all power loss flows could contribute to the heating of the 

refrigerant. Conversely, in open-design compressors, standard electric machines typically 

dissipate waste heat to the ambient air via cooling fins, omitting this heat flow. With regard 

to the working principles, screw compressors are internally cooled by injected oil, which 

allows almost isothermal compression [82]. Similarly, the cylinder heads of piston 

compressors can be cooled by oil or water, dissipating heat or repurposing it for other uses. 

Refrigerant 

A wide range of working fluids is available for compression heat pumps. Depending on 

the application scenario, heat pumps have different requirements on refrigerants [85]. The 
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choice of refrigerant can be considered from three aspects: chemical-physical properties, 

safety risks, environmental factor. 

Chemical-physical properties and their suitability for specific applications are typically 

evaluated based on parameters such as specific evaporation enthalpy, boiling temperature at 

ambient pressure, pressure ratio, and the critical point. Thermodynamically, the refrigerant's 

vapor pressure curve is particularly significant, which influences the specific evaporation 

enthalpy. A broader wet steam range at evaporating and condensing temperatures allows for 

greater heat recovery and supply at a constant power input. During the design, it should also 

be noted that the pressure in the entire system never falls below ambient pressure to prevent 

the ingress of foreign matter [86]. This necessitates specific requirements for the refrigerant's 

boiling temperature at ambient pressure. Moreover, to avoid excessively high equipment 

construction costs, the maximum pressure of the system should be reasonably limited, which 

is why a low pressure ratio is desirable. Additionally, the minimum evaporation temperature 

is constrained by the triple point, and depending on the equipment's design, the critical point 

may set an upper limit for the maximum condensation temperature. 

Possible safety risks are also critical for the operation of compression heat pumps. These 

risks include toxicity, flammability and combustibility of the refrigerants. The potential 

hazards of refrigerants evaluated according to EN 378-1 [87], with an overview presented 

in Table 1. Where the letters ‘A’ or ‘B’ stand for the toxicity class, while ‘1’, ‘2L’, ‘2’, or 

‘3’ designate the flammability class. The designation of refrigerants is regulated at 

international level in ISO 817 [88]. Additionally, in Germany, DIN 8960 is applicable, 

which incorporates the designations from ISO 817 [89]. Depending on factors such as 

toxicity, flammability and construction of the heat pump, the maximum permissible 

refrigerant charge of a system may be limited [87]. Moreover, it is essential to consider the 

potential corrosive effects of the refrigerant, its compatibility with other components such 

as seals, and the solubility of lubricating oil in the refrigerant [90]. 
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Table 1: Refrigerant safety groups with corresponding examples [29]. 

  Low toxicity Higher toxicity 

Higher 

flammability 

A3 

Hydrocarbons: R170, RE170, R290, R1270, 

R600, R600a, R601, R601A 

L3 

B3 

no any 

Low flammability A2 

R152a 

L2 

B2 

R30 

Low flammability 

and flame spread< 

10 cm/s 

A2L 

R32, R143a, R1234yf, R1234ze 

B2L 

R717 

 

no flame 

preparation 

A1 

R125, R134a, R236fa, R-C318, R407A bis 

R407F, R410A, R417A, R417B, R422A bis 

R422D, R424A, R507A, R513A, R744 

L1 

B1 

R123, R245fa 

 

Futhermore, the environmental impact of refrigerants also plays a decisive role, governed 

by the corresponding legislation. The Ozone Depletion Potential (ODP) and Global 

Warming Potential (GWP) of these substances are highly correlated. For ODP, the Montreal 

Protocol is decisive [91]. In the Montreal Protocol, the reduction of the production and use 

of ozone-depleting substances was agreed at the international level in 1987. "Safety 

refrigerants" such as R11, R12 or R22, which were widely used at the time as working fluids 

in air-conditioning units [73], belong to the category of chlorofluorocarbons (CFCs), which 

harm the earth's ozone layer upon atmospheric release. Consequently, a phased ban on the 

production and sale of CFCs was enforced, leading to their near-complete prohibition by 

2000. With the decline of CFCs, attention has shifted from ODP to GWP, which measures 

the climate impact of a substance over a 100-year period, using CO2 as a baseline. Where 

CO2 has a value of 1 by definition. In this context, emissions are often expressed in terms of 

CO2 equivalents. For example, R134a, a frequent CFC substitute, has a GWP of 1430 [92], 

meaning 1 kg of R134a equates to 1430 kg of CO2 emissions. 
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In efforts to reduce greenhouse emissions, the EU implemented the F-Gases Regulation. 

Effective from 01.01.2020, this regulation prohibits the use of refrigerants with a GWP of 

2500 or higher in systems with a charge of 40 t CO2 equivalent or more, except in certain 

cases [93]. As a further measure, companies selling refrigerants are subject to annually 

decreasing quotas (in tons of CO2 equivalent), a strategy known as “phasedown” [93,94]. 

R134a is officiallybanned on new refrigeration equipment since 2022. Manufacturers of 

refrigeration systems have been interested in alternatives with lower GWPs. It is noteworthy 

that the climate impact of a refrigerant is significant only when it is released into the 

atmosphere; therefore, various measures are in place to minimize the releases [94]. 

Given these considerations, the design of a heat pump must ensure that the chosen 

working medium is legally available at reasonable prices throughout the system's lifecycle 

or that it can be replaced by a suitable alternative if necessary. 

In addition to single-component refrigerants, compression heat pumps can also utilize 

mixtures of different media. The motivation behind is to achieve improved properties 

compared to individual substances. This is particularly relevant when seeking suitable 

replacements for refrigerants that are phased out (e.g., due to their ozone depletion 

potential), allowing existing systems to be retrofitted with minimal technical modifications 

[90]. 

Key performance indicators of compression heat pumps 

A heat pump is distinguished by its high energy efficiency. In the technical field, this 

value is often quantified as the Coefficient of Performance (COP). According to [95], the 

COP of a heat pump is defined as: 

𝐶𝑂𝑃 =
�̇�𝑠𝑖𝑛𝑘

𝑃𝑐𝑜𝑚𝑝
(11) 

Here is �̇�𝑠𝑖𝑛𝑘 the usable heat flow for heat sink and 𝑃𝑐𝑜𝑚𝑝  the mechanical or electrical 

power supplied to the compressor. If necessary, additional auxiliary energy for e.g. pumps 

should also be included. Also of interest is the COP of the ideal Carnot process operating 

between the same temperature levels, which represents its maximum possible value. 

𝐶𝑂𝑃𝑐𝑎𝑟𝑛𝑜𝑡 =
𝑇𝑐

𝑇𝑐 − 𝑇𝑒
(12) 
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Where 𝑇𝑒  is the evaporation temperature and 𝑇𝑐  the condensation temperature. This 

formula demonstrates that the highest possible COP is primarily achieved through a low 

temperature lift in the heat pump. To describe how closely a real heat pump process 

approximates the theoretical ideal, the relative coefficient of performance 𝜂𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒  is 

defined: 

𝜂𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 =
𝐶𝑂𝑃𝑟𝑒𝑎𝑙

𝐶𝑂𝑃𝑐𝑎𝑟𝑛𝑜𝑡
(13) 

This metric provides a measure of the quality of the process that is independent of the 

temperature levels. In principle, this metric can be applied to all types of compression heat 

pumps to assess the equipment quality. 

2.3.2 Absorption heat pumps 

Absorption heat pumps differ from compression heat pumps in that they are driven by 

heat rather than mechanical work. While the refrigerant cycle process in absorption heat 

pumps is fundamentally similar to that of a compression heat pump (Section 2.3.1), the key 

difference lies in the way the refrigerant is handled. Instead of being compressed 

mechanically, the refrigerant in an absorption heat pump is absorbed into and subsequently 

desorbed from a medium. Consequently, absorption heat pumps do not use a single 

refrigerant but a working pair, consisting of refrigerant and solven [73]. example of such a 

pair is ammonia/water, where ammonia serves as the refrigerant and water as the solvent, 

representing the oldest known working fluid pair. 

The schematic structure of a absorption heat pump is shown in Figure 9. The total system 

can be divided conceptually into two individual circuits: The refrigerant circuit (illustrated 

on the left) and the solution circuit (shown on the right). Both the solvent and working 

medium flow through the solution circuit, while only working medium flows in the 

refrigerant circuit. If a balance envelope around the solution circuit is drawn and considered 

as a single component, the same structure is obtained as in the diagram for a compression 

heat pump, as shown in Figure 6. The primary distinction is that in absorption heat pumps, 

heat is supplied to the 'compressor' instead of mechanical work. Therefore, the description 

of the refrigerant circuit can be referred to section 2.3.1. Following [73] the solution circuit, 

which functions as the "thermal compressor", may be described as follows.  
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Figure 9: Schematic structure of a sorption heat pump (own illustration). 

First, evaporated working medium at state 1, along with a mixture of solvent and working 

medium at state 7 (termed the “poor solution”), enters the absorber at low pressure. In the 

absorber, the refrigerant vapor is absorbed by the poor solution, transforming it into a rich 

solution and releasing heat in the process. The rich solution after absorption is then pumped 

to a higher pressure level by the solution pump. Subsequently, it passes through a heat 

exchanger (an optional feature for efficiency enhancement) before entering the desorber. 

Within this internal heat exchanger, the rich solution is heated while the poor solution is 

cooled. In the desorber, external heat is supplied, causing the working medium to vaporize 

at the high pressure level and proceed to the refrigerant circuit. The depleted poor solution 

then returns to the absorber via the heat exchanger, undergoing expansion through a throttle 

valve. 

This circuit essentially compresses the refrigerant via heat supply rather than mechanical 

work, introducing two additional heat flows: heat gain in the desorber and heat release in the 

absorber, alongside the existing heat flows in the evaporator and condenser. However, all 

four temperature levels are different. The heat input for driving out the refrigerant in the 

desorber must be at a higher temperature than the useful heat output from the condenser. 

Additionally, the heat released in the absorber should be at the same or a slightly lower 
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temperature than the condensing temperature, allowing for its utilization. The maximum 

achievable temperature of the useful heat thus depends on the temperature of the "drive heat" 

for the desorber.  

Further limitations resulting from the working fluid pair also need to be considered. The 

maximal pressure in the system must not exceed a technically viable level. This is a key 

reason for preferring water-lithium bromide over ammonia-water at temperatures above 0 

°C. However, this preference imposes a evaporating temperature limit of due to the need to 

maintain a safe margin above the mixture's crystallization temperature.  

Key performance indicators of absorption heat pumps 

For absorption heat pumps, performance evaluation differs from that of compression heat 

pumps. It is assessed using a heat ratio ζ or COPW (equation (14)), which represents the 

ratio between useful heat dissipated for heat sink �̇�𝑠𝑖𝑛𝑘  and supplied drive heat �̇�𝑑𝑒𝑠 for 

desorber [17,73]. 

𝐶𝑂𝑃𝑊 =
�̇�𝑠𝑖𝑛𝑘

�̇�𝑑𝑒𝑠

(14) 

The drive power of the solvent pump is neglected, as it is significantly smaller compared 

to the heat flows [73]. To compare the real process with an ideal one, the heat ratio of the 

ideal process 𝐶𝑂𝑃𝑊𝑚𝑎𝑥 is used as a benchmark, which is defined as:  

𝐶𝑂𝑃𝑊𝑚𝑎𝑥 =  
𝑇𝑐

𝑇𝑐 − 𝑇𝑒
∗

𝑇ℎ − 𝑇𝑐

𝑇ℎ
(15) 

Here 𝑇ℎ  indicates the temperature of the heat source. The quality of the real process 

compared to an ideal one can also be accessed using the the relative coefficient of 

performance 𝜂𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒: 

𝜂𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 =
𝐶𝑂𝑃𝑊

𝐶𝑂𝑃𝑊𝑚𝑎𝑥
(16) 

 

2.3.3 Heat pump for heat recovery 

The integration of a heat pump with a flue gas condenser has been emphasized as an 

effective method for heat recovery in numerous studies, introducing it as a viable solution. 

This approach, known as active condensation, requires additional energy input. Chua et al. 
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[96] conducted a review of various innovative applications of heat pump systems, 

demonstrating their effective integration into energy systems through the utilization of waste 

heat. Similarly, Wang et al. [97] proposed a guideline for integrating various heat pump 

solutions into industrial processes to achieve low-value waste heat utilization. Depending on 

the connection variants, different heat pump integration concepts can also be implemented 

for district heating. Furthermore, Kahrman and Celebi [98] explored the feasibility of 

integrating a heat pump for waste heat recovery into district heating. This research supports 

the suitability of heat pumps as a heat recovery solution in numerous countries. 

Heat recovery through absorption heat pumps 

Several studies have concentrated on combining flue gas condensation with absorption 

heat pumps. A primary advantage of absorption heat pumps is that they use thermal energy 

as the "driver" rather than the more expensive electrical energy. This provides significant 

economic benefits, when an existing heat source is available [99]. Wang et al. [100] and 

Zhang et al. [101] studied on absorption heat pump systems for simultaneous recovery of heat 

and water from flue gas with high humidity for coal-fired plants, demonstrating its ability to 

effectively improve coal utilization. Qu et al. [102] investigated various configurations of 

integrating an absorption heat pump coupled with a non-contact flue gas condenser. The 

results demonstrated a 5-10% increase in boiler efficiency for the experimental unit. In 

addition, Zhu et al. [103] simulated the combination of an absorption heat pump with an open 

flue gas condensing system for a gas boiler. And Wei et al. 2015 [104] have proposed an 

approach to recover waste heat from the flue gas of a gas boiler using an open-loop 

absorption heat pump. Both results by Zhu et al. and Wang et al. showed an improvement of 

approx. 12% in boiler efficiencies. To further improve the efficiency, Lu et al. [105] 

developed a cascade heat recovery system based on an absorption heat pump for district 

heating, which achieved about 40% of primary energy savings compared to a conventional 

single gas-fired boiler system.  

In experimental research, Yang et al. [106,107] tested a full-open absorption heat pump 

for total recovery of heat from flue gas, which recovered up to 178 % more heat than a single 

condensing system, though the achieved COPW was only up to 1.62. Similarly, Keil et al. 

[108] studied three customized absorption heat pumps in southern Germany, also observing 

a relatively low COPW in the context of heat recovery in district heating systems. 
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Heat recovery through compression heat pump 

Alternatively, some research has focused on integrating compression heat pumps for heat 

recovery, as this technology is mature, robust, and widely available in the market. According 

to the IEA's heat pump program report (Annex 35) [28], the majority of existing heat pump 

projects employ compression technology, a trend also evident in studies mentioned in 

[29,109]. Futhermore, Xiao et al. [30] conducted a summary of heat pump applications in 

German district heating systems, revealing that over 70 % utilized compression technology. 

There are different ways to integration compression heat pumps into heating networks. 

Sayegh et al. [110] described the possibility of incorporating compression heat pumps into 

district heating in terms of the placement, connection and operation modes. And Marguerite 

et al. [109] summarized the various ways to integrate compression heat pumps into district 

energy systems and provided examples of applications that have been implemented around 

the world. From the literature, two primary concepts emerge for integrating compression 

heat pumps for flue gas heat recovery in district heating: 

Flue-Side Integration Concept: In this approach, the evaporator is directly or indirectly 

connected to the flue gas condenser via a heat exchanger. Jamil et al. [111] applied this 

concept to enhance the efficiency of a gas boiler, which showed an efficiency improvement 

of 11.47 % when reducing flue gas temperature from 120 °C to 30 °C. Shamsi et al. [112] 

presented a novel condensation system that combines an organic Rankine cycle and a 

compression heat pump to maximize the efficiency of a thermal power plant. 

Network-Side Integration Concept: Here, the heat pump's evaporator is connected to 

the heating network's return flow. By cooling the return flow to a lower temperature level 

through the evaporator, the waste heat in the flue gas can be extracted directly by the cooled 

network. This also makes it possible to integrate additional energy sources like solar thermal, 

into the system. Zajacs et al. [113] investigated the feasibility and efficiency improvement of 

this concept on a natural gas boiler using a simple heat pump model, demonstrating its 

effective application in district heating systems. 

Regarding biomass heating, the potential of heat recovery significantly depends on the fuel 

water content [114]. Higher water content in the fuel allows for greater heat recovery from 

the flue gases, influencing the design of the heat pump and its electricity consumption. This 

distinguishes the biomass boiler from the gas boiler. Hebenstreit et al. [115] assessed a quench 
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condensing system integrated with an heat pump in a biomass boiler, whereby an simple heat 

pump model with a fixed Carnot factor was applied. The study demonstrated that integrating 

heat pumps into biomass heat networks offers more substantial opportunities for enhancing 

fuel utilization rate compared to gas-fired heat networks. 

2.3.4 Choice of heat pump 

The choice between absorption and compression heat pumps for use in flue gas 

condensation plants is not straightforward and varies based on practical considerations. 

Practically, absorption heat pump technology is less frequently used in industrial 

applications compared to compression heat pumps based on the research in [29,30,116]. A 

significant factor influencing this choice is the higher investment cost of absorption heat 

pumps, which can be about 2.5 to 4 times greater than that of compression heat pumps [117]. 

This cost disparity is largely attributed to the more complex structure of absorption heat 

pumps, which limits their widespread application. According to [118] this is also partly 

because standard solutions for absorption heat pumps are less common in the market than 

for compression heat pumps. Additionally, Jaunegg [29] highlights that the operational 

requirements of absorption heat pumps, particularly the frequent use of hot water or steam, 

incur additional costs due to the need for specialized personnel. 

Absorption heat pumps are particularly advantageous for high outputs (several MW) are 

ideal when hot water or steam above 130 °C is readily available [119]. However, in medium-

capacity biomass heating networks, reliable heat sources at these driving temperatures are 

typically absent [21]. Previous studies by Gaderer [17,38,120,121] indicate that absorption 

heat pumps are less effective for flue gas heat recovery in medium-scale biomass district 

heating due to the requirements for high-temperature steam, their lower efficiency (COP ~ 

1.7), and greater integration complexity. 

To compare the feasibility of heat recovery by using compression and absorption heat 

pumps, Xu et al. [122] studied the two concepts under the same conditions. This study 

showed that compression heat pumps are more efficient, making them more effective for 

waste heat recovery due to their higher COP, which facilitates greater exergy recovery from 

waste heat. And Tan et al. [123] concluded that among all types of heat pumps, the 

performance of compression heat pumps is best when the ratio of user-side heat demand to 
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waste heat is greater than 0.5. Such ratio corresponds exactly with the research focus of this 

work. 

In summary, compression heat pumps are generally more suitable for heat recovery from 

flue gas in biomass heating in the 1 MW to 10 MW power range. The preference for 

compression heat pumps in general heat pump projects [28,29,109,124] also reflects this 

trend, because of the comparatively low price of compression heat pumps and the advantages 

of standardization in terms of maintenance and spare parts availability. Thus, this work will 

focus on the use of electrically powered compression heat pumps, which can achieve a COP 

value between 2.9 and 6.0 depending on the temperature lift [125,126]. 

2.4 Small cogeneration technologies 

As mentioned in Section 1.2, there are already several biomass heating networks in 

northern Europe [27] and Austria [28,29] that have integrated heat pumps for heat recovery. 

However, none of these networks are equipped with small cogeneration units for self-power 

supply. This is primarily due to the significantly lower electricity purchase price in these 

regions [127]. In contrast, in Germany, integrating small cogeneration units could be sensible 

and economically imperative to reduce the amount of electricity purchased from the grid. 

For this reason, research on the feasibility of integrating small cogeneration units will be an 

integral part in this work. 

2.4.1 Available technologies 

Various technologies can be considered for the cogeneration of electricity [34]. Small-

scale devices can be categorized based on their capacity into micro Combined Heat and 

Power (µCHP), defined as having an electrical output of 50 kWel or less, and small CHP, 

defined as having an electrical output of up to 500 kWel [128]. For this research, the range 

of applicable technologies will be narrowed based on criteria such as development status, 

efficiency, and the capability for integration into a biomass heating plant. The ideal CHP 

technology should provide the necessary electrical power reliably and efficiently, while 

maintaining minimal complexity and cost. This subsection aims to evaluate and pre-select 

the most promising technologies for integration, without delving into detailed explanations 

of each technology. 

Small steam rankine cycle 
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The steam Rankine cycle belongs to one of the mostly utilized technologies for electricity 

generation in the world [129], which is based on the traditional Clausius Rankine cycle using 

steam as working fluid. In small-scale applications, the steam Rankine cycle is characterized 

by low steam throughput. Due to the high expense of equipment, steam turbine are 

technically and economically viable only for outputs around 5 MW and above [130]. 

Consequently, in smaller-scale settings, volumetric machines like reciprocating and rotary 

expanders are often used instead of turbines [131]. This is due to the challenges associated 

with turbines in small applications, such as lower efficiency and higher investment costs 

[132].  

In this context, the steam engine (SE) emerges as a suitable expander device for small-

scale cogeneration, which can be constructed in reciprocating and rotary form. For example, 

Alanne et al. [133] demonstrated the feasibility of using a rotary steam engine for distributed 

generation with biomass combustion. Similarly, Badami et al. [134] conducted research on 

the preliminary design and controlling of a steam Rankine Cycle based on a reciprocating 

steam engine, indicating that electrical efficiencies of approximately 8 % to 14 % are 

achievable with proper control strategies. 

When integrated into an appropriate biomass furnace, steam Rankine cycle offers the 

possibility to use biomass fuel with different moisture content and qualities, thus offering 

greater fuel flexibility [34]. The waste heat from the steam condenser is available at 

temperatures between 100 and 150 °C, which is suitable for local heating networks. Wood-

fired reciprocating steam cogeneration units are commercially available [135], with 

electrical capacities ranging from 100 kWel to approximately 1500 kWel.  

ORC 

The Organic Rankine Cycle (ORC) is a also viable option for small-scale cogeneration, 

with its advantages over the steam Rankine cycle largely attributable to the properties of the 

working medium used [17,136]. ORC operates on the same principle as the steam Rankine 

cycle, but uses various organic media instead of steam. These media typically have lower 

boiling or condensing temperatures compared to water. The condensation temperature of 

ORC equipment usually ranges from 30 to 80 °C [137], depending on the working fluid 

selection and cooling media. A higher condensation temperature up to 90 °C can be achieved 

by using special working fluids, like butylbenzene [138]. 

https://www.sciencedirect.com/topics/engineering/rankine
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Decentralized biomass cogeneration unit based on ORC technology have been 

implemented since the late 1990s [139]. Smale-scale biomass-based ORC cogeneration 

systems are now commercially available from vatious manufacturers [137], typically with 

electrical outputs ranging from 50 to 325 kWel. These systems generally exhibit thermal to 

electrical power ratios of around 5:1 [140]. Similar to steam engine integration, ORC 

technology ensures high fuel flexibility when integrated into a compatible biomass furnace. 

In principle, ORC technology can be considered essentially state-of-the-art and has been 

used successfully so far with appropriate boundary conditions and technical design. Since 

the late 1990s, several hundred ORC plants have been realized worldwide. The profitability 

model for them is often provided by subsidy programs that include remuneration for power 

generation [141]. 

A notable limitation of ORC plants is their relatively low electrical efficiencies, typically 

between 17-20 % [142]. To facilitate effective cogeneration in heating networks, the 

condensation temperature in the Organic Rankine Cycle must reach 90 °C to maintain the 

requisite temperature level. This requirement restricts the selection to refrigerants that have 

higher critical points. Furthermore, these higher condensing temperatures lead to a increased 

heat output compared to the power output, resulting in a lower power-to-heat ratio. 

Hot air turbine 

Hot air turbines have also been utilized several times in the past in conjunction with 

biomass furnaces [17,120]. However, this technology presents complexities, particularly in 

terms of heat transfer and maintaining the necessary temperature levels. Typically, 

microturbines are converted to operate as hot air turbines. Due to the inherent complexity of 

the system, the initial costs are high, with efficiencies similar to those of fixed-bed gasifier 

CHP units. Currently, the technology is being implemented in an initial pilot project [143], 

achieving a thermal efficiency of 63 % and an electrical efficiency of 13 % were realized. 

Despite these advancements, the high costs and complexity of hot air turbines render them 

only marginally suitable for retrofitting purposes. 

Stirling engine 

Stirling engine is known as an external combustion engine, distinguished by its utilization 

of two pistons set at a phase angle to transfer the working fluid between spaces [144]. In this 

process, the working fluid is compressed in the cold cylinder and expanded in the hot 
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cylinder [145]. Similar to the steam engine, the Stirling engine derives heat from an external 

source, such as a biomass furnace. Here, hot flue gas from the biomass combustion chamber 

enters the Stirling engine heater at high temperatures. With an additional separate heat 

exchanger, the heat is transferred to the engine. The typical operating temperature for the 

engine's heat exchanger ranges between 700 and 800 °C. Within the engine, this heat is 

converted into mechanical work, while the lower temperature heat is either dissipated in the 

cooler or utilized as a low-temperature heat source (40-60 °C) [34].  

One of the main challenges in integrating Stirling engines into biomass combustion is 

ensuring efficient heat transfer from the biomass combustion flue gas to the working gas of 

the Stirling engine [146]. To ensure optimal system efficiency, the flue gas should enter the 

heat exchanger at the highest possible temperature. However, this can lead to ash deposition 

issues in system components, affecting the heat exchanger's transfer efficiency [147]. 

Additionally, maintaining perfect sealing of the working gas within a Stirling engine 

poses a significant challenge, leading to increased maintenance costs. Compared to internal 

combustion engines, Stirling engines generally tends to be less efficient, with typical 

electrical efficiencies around 10 -12 % and thermal efficiencies about 60 %, which 

corresponds to a heat-to-electricity ratio of 5:1 or more [34]. In addition, Stirling engines 

require a warm-up period before starting, precluding immediate operation. Consequently, 

they are better suited for applications with steady, uniform operating speeds [148]. This 

technology is not recommended for powering the heat pumps with constantly changing 

demand. 

Biomass gasifier engine CHP 

Biomass gasifier engine cogeneration (GCHP), encompassing a fixed-bed biomass 

gasification unit for gas conversion and a gas engine for electricity and heat cogeneration, 

stands also as a promising decentralized technology. In the gasification unit, biomass fuel is 

converted into syngas, consisting of H2, CO, CO2, H2O, CH4, N2, and residual coal [149]. 

The syngas subsequently flows into the gas engine unit, where it is combusted to generate 

electricity and heat. 

Over the past decade, biomass GCHP has garnered increasing attention for its potential 

to achieve higher electrical efficiency compared to conventional biomass combustion units 

[150]. Recent developments have led to the commercialization of this technology for various 
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applications [151]. Several manufacturers, such as Spanner Re2 [152], Burkhardt [153], 

Hargassner [154], Fröling [155], Syncraft [156] and Urbas [157] have advanced this 

gasification technology, making it commercially available with power ranges from 10 kWel 

to about 350 kWel. The state of the art for the electrical efficiency of small-scale GCHP is 

between 16 and 36 %. [158]. Due to the high electrical efficiency, these technologies are 

well-suited to provide the electrical drive power for heat pumps in this proposed concept. 

Additionally, GCHP units can function either independently or in tandem with a heat pump 

as an additional base load heat generator in existing heating plants in summer, independent 

of the operation of the biomass boiler.  

However, the GCHP units have special requirements in terms of fuel. The water content 

in the fuel should be 20 % or less, and the ash content should be as low as possible. 

Consequently, suitable input materials are limited to wood pellets or dried, low-bark forest 

chips. 

2.4.2 Comparison of the cogeneration technologies 

Based on the above review, a comparison of the mentioned decentralized technologies 

for the electricity supply is displayed in Table 2.  

Table 2: Comparison of available µCHP and small CHP technologies. 

Technology energy 

source 

medium electrical 

efficiency 

heat 

temperature 

available 

integration 

complexity 

standard 

products 

available 

Steam 

Rankine 

Cycle 

external 

heat 

source 

water vapor 8 to 14 % 100 to 150 °C high, 

integrated 

into furnace 

yes 

Organic 

Rankine 

Cycle 

external 

heat 

source 

organic 

medium 

17 to 20 % up to 90 °C  

high, 

integrated 

into furnace 

with 

additional 

heat 

exchanger 

yes 

Hot air 

turbine 

external 

heat 

source 

air approx. 

13 % 

approx. 

130 °C 

no 

Stirling 

engine 

external 

heat 

source 

Helium or 

hydrogen 

approx. 

10 % 

60 to 85 °C no 

Gasification 

CHP with 

gas Engine, 

biomass product gas 

from a 

gasification 

16 to 36 % 80 to 500 °C low, 

integrated 

separate and 

robust 

yes 
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As seen from the table, GCHP has the lowest integration complexity from a technological 

point of view, due to its independence and robustness. Additionally, it boasts the highest 

electrical efficiency among the options and has mature market solutions. Despite its specific 

requirements on fuel quality, GCHP are considered a promising technology for this task.  

Other standard products available in the market are ORCs and scale SRC. Both can be 

integrated biomass boiler. While the SRC is less efficient, it provides sufficient heating 

temperature for the heating network and can utilize a steam pipeline for direct heat exchange 

with furnace without an additional intermediate heat exchanger. The ORC achieves slightly 

higher electrical efficiency but requires special refrigerants to reach a heating temperature 

of 90 °C. Typically, heating of the working fluid in ORCs is conducted through an additional 

thermal oil circuit. This requires an additional intermediate heat exchanger and leads to 

efficiency loss. 

The hot air turbine and Stirling engine, lacking proven products in the markets and 

exhibiting lower power generation efficiency, are less recommended. The hot air turbine can 

achieve a heating temperature of 130 °C but is not recommended due to high costs and 

complexity. The Stirling engine, with its lower efficiency and insufficient heating 

temperature for the network, is also not suitable for powering heat pumps. 

In conclusion, ORC, small-scale SRC, and wood gasification CHP are identified as 

potentially viable technologies for providing the required electricity for heat pumps. 

Consequently, the focus of this work will be on integrating these three technologies, with 

their respective approaches to integration discussed in section 3.1.3. 
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3. Overview of the integration concepts and system analysis 

This chapter gives an overview of the different integration concepts of heat pumps for 

waste heat recovery from flue gas. The first section outlines how the different system 

components, such as heat recovery components, heat pumps and different CHP units, are 

integrated into the system, along with their corresponding functions. To this end, detailed 

hydraulic diagrams of different systems are provided and described. 

For the subsequent detailed analysis and evaluation of the various integration concepts, 

systems with different configurations and their system boundaries are defined and analyzed 

in terms of the mass energy flow in second section. First, based on the focus of this work, 

the optimization of the energy supply side, the boundaries of different systems are uniformly 

defined to make the various concepts studied in this work comparable. To better illustrate 

the difference in systems configurations, the mass and energy flows of each system are also 

displayed and analyzed. Among these, the traditional single boiler system is introduced as a 

baseline system. Other configurations include system with only integrated flue gas 

condensers, systems with heat pumps integrated in various connection variants, and systems 

that additionally integrate different CHP units. 

3.1 Technical concepts of system integration 

In this section, an overview of different concepts of integrating heat pumps and various 

types of CHP unis into biomass heating network is presented.  

Before integrating a heat pump, various flue gas treatment and heat exchange equipment 

must be installed on the flue gas side to ensure effective heat recovery. This includes a flue 

gas cleaning system for dust removal, an economizer for sensible heat recovery, and a flue 

gas condenser for latent heat recovery. These components are installed independently of 

the heat pump integration. However, they are essential for direct heat recovery from flue 

gas and necessary to improve the reliability and economy of integrating the heat pump. The 

interconnection of these different components, determined by their function, will be 

described in Subsection 3.1.1.  

For the integration of heat pumps, several studies, as referenced in [33,124,159,160], 

have been conducted to investigate efficient integration methods into heat networks. As 

mentioned in Subsection 2.3.3, integrating the heat pump into the biomass heating network 
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for heat recovery is possible at two points: either interconnection with the flue gas 

condenser or connection to the network's main return. Both can serve as heat sources for 

evaporators and be cooled to achieve effective flue gas condensation. In addition to the 

various ways of connecting the heat pump evaporator, there are also multiple variants for 

connecting the heat pump condenser to feed the “pumped” heat back into the network. A 

detailed description of these variants is introduced in Subsection 3.1.2. 

In scenarios where onsite power generation is necessary for the heat pump, integrating a 

small-scale CHP unit into the system is a viable option. Various types of CHP technologies 

can be incorporated in different manners. A more detailed discussion on this integration will 

be provided in Subsection 3.1.3. 

3.1.1 Integration of heat exchangers in flue gas path 

Figure 10 shows an example of a modern biomass heating plant with a indirect-contact 

flue gas condensation system that includes an economizer, and a flue gas dehumidification 

unit.  
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Figure 10: Biomass heating plant with dedusting, economizer, closed direct flue gas condenser and 

flue gas dehumidification (adapted from [17]). 

In the flue gas path, the hot flue gas from the boiler, at approximately 180 °C, first passes 

through the gas cleaning unit, primarily used for dust removal, e.g., via an electrostatic 

precipitator. This prevents operational issues in downstream components. A bypass line 

should be installed before the gas cleaning unit in case of malfunctions, maintenance, etc.  
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The economizer (ECO) then cools the flue gas to a temperature above its dew point, 

allowing further extraction of sensible heat. The placement of the economizer before the flue 

gas condenser in the path is dictated by their respective functions. Additionally, the cooling 

process via the economizer occurs downstream of the flue gas cleaning unit rather than 

before it. This arrangement is crucial as the moisture and acid condensation in the flue gas 

at low temperatures can lead to corrosion, especially if ash has not been pre-filtered. 

Consequently, all components positioned downstream in this setup must be specifically 

designed to withstand both moisture and corrosive media [17]. 

After the economizer, the flue gas reaches the flue gas condenser at about 60 to 80 °C. 

If additional cooling can be achieved by passive condensation without a heat pump, it 

should be done upstream of the condensing heat exchanger. The economizer can be 

integrated into the U-shaped flue gas condensation system or an additional one can be 

installed upstream of the condensing bundle. At the condensing bundle, the water vapor in 

the flue gas condenses. In this process, the gas stream is deeply cooled to between 30 to 

50 °C via the heat pump evaporator. The heat pump absorbs the condensation heat and 

raises it to a higher temperature level, and then feed it into the heating network. 

Despite upstream de-dusting, it’s crucial to maintain sufficient, uninterrupted 

humidification of the heat exchanger surfaces to avoid corrosion. This can be achieved by 

additional quenching, i.e., injecting a small amount of water to saturate the flue gas [17], 

with quench spray nozzles located at both the inlet and outlet sides. The accumulated 

condensate flows into a catch basin beneath the condenser and is separated into sludge and 

water in a settling tank. Before exiting the condenser unit, if de-vaporization is necessary, 

the flue gas is mixed with fresh air in the de-vaporization unit and then discharged through 

the stack. 

This U-shaped construction of the displayed condensation system typically has a lower 

height but a greater width. Alternatively, a tower shape can be selected, where the flue gas 

flow direction is not constrained to bottom-to-top. Biomass heating plants often use induced 

draft fans to either support or replace the chimney's natural draft, which simplifies exhaust 

gas cleaning. A horizontal flue gas condensation design is possible but not recommended, 

as it complicates ensuring reliable and consistent humidification of the entire condenser 

surface. 
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3.1.2 Integration of the heat pump for flue gas condensation 

Various hydraulic circuits can be realized for integrating heat pumps, where the heat 

pump evaporator can be integrated either into the flue gas condenser or the network return 

[109]. Figure 11 exemplifies two hydraulic circuit diagrams for the integration of heat 

pumps for flue gas condensation, facilitating efficient utilization of waste heat from the flue 

gas condenser. Both circuits impose special demands on the heat pump design. To improve 

readability, the components on the flue gas path are simplified and the optional economizer 

in the flue gas condenser is omitted here. 

As shown in the upper diagram, in the flue gas-side concept, the heat pump functions as 

a direct cooling unit for flue gas. Here, the heat pump evaporator directly extracts heat from 

the flue gas, cooling it to the desired exhaust gas temperature. In this case, the evaporation 

temperature of the heat pump should be lower than the target exhaust gas temperature, 

considering the temperature difference within the heat exchanger. Additionally, its 

evaporation capacity should match the heat output capacity of the condenser. Thus, the 

lower the target flue gas temperature, the greater the required power of the heat pump 

evaporator. 

In the network-side concept, as illustrated in the lower diagram of Figure 11, the heat 

pump evaporator is connected to the network return flow. The return flow first passes 

through this 'active' heat exchanger to reach a lower temperature before entering the flue 

gas condenser. The evaporator draws heat from the network return, allowing for maximum 

heat extraction from the flue gas. The temperature of the cooled return flow into the 

condenser should also be lower than the target flue gas temperature, taking into account the 

heat exchanger temperature difference. Consequently, the evaporation temperature of the 

heat pump should be even lower. The diagram also indicates that the main return does not 

need to flow entirely through the heat pump evaporator. Instead, the interconnection allows 

for theoretically free adjustment of the mass flow using additional bypass valves or 

circulating pumps. 
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Figure 11: Hydraulic circuit diagram of the integration of a heat pump for flue gas condensation. 

Top: heat pump evaporator connected to the flue gas condenser (flue gas-side integration); Bottom: 

heat pump evaporator connected to the heat network return (network-side integration) (own 

illustration). 
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In both concepts, the heat absorbed by the evaporator is elevated to a higher temperature 

level and then released through the heat pump condenser. Beyond the various methods of 

connecting the heat pump evaporator, the heat pump condenser can also be connected in 

several ways to feed the 'pumped' heat into the network. Essentially, there are three distinct 

methods [161]. The heat pump condenser can be connected either to the network mains 

return, the preheated network return after the economizer, or directly to the network feed 

flow, depending on the supply temperature of the heat pump. The simplified diagrams of 

these different variants are presented in Figure 12. 
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Figure 12: Simplified schemes of heat pump integration variants: (Lefts: evaporator connected to 

flue gas condenser, right: evaporator connected to with the mains return.) (Top: Feeding into the 

unheated mains return, Middel: Feeding into the preheated mains return, Bottom: Feeding into the 

mains feed flow.) (own illustration). 

Among these three variants, the first, as depicted in the upper part of Figure 12, 

demonstrates the heat pump feeding into the network mains return. It is also the example 

shown in Figure 11. In this configuration, the heat pump heats a bypass from the mains return 

flow. This heated flow is then mixed at the multi-way valve with the main return flow and 

the bypass after the boiler. These combined flows are subsequently fed into economiser and 

the boiler. The bypass after the boiler is driven by a boost pump, which increases the flow 

through the economiser and boiler heat exchangers [162]. This increased flow mitigates the 

risk of deposits inside the heat exchangers and compensates for the disadvantages of the 
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increased return temperature. In this variant, the heat pump can operate at the best possible 

efficiency due to the lowest temperature lifts, which is especially advantageous for heat 

pumps. 

In the second variant, heat is fed into the grid after the economiser. This variant is similar 

to the first variant. However, the efficiency of the heat pump in this configuration will be 

lower. 

The third variant corresponds to a classic integration of a generator into a heating network. 

Here, the heat pump must provide the highest required temperatures. The respective return 

temperature and the required feed temperature in the network determine the temperature lift 

of the heat pump. This variant allows for the independent operation of the heat pump during 

summer when operating boilers at a low base load is not economical. However, this 

hydraulic circuit necessitates a significant temperature lift by the heat pump, which can be 

challenging for equipment manufacturers and impact the economics of operation. Special 

refrigerants and potentially multi-stage compression are potententially required to meet the 

temperature needs. Connecting multiple heat pumps in series to achieve higher temperature 

differentials is also a feasible approach. 

3.1.3 Integration of small-scale cogeneration unit 

The introduction of heat pump for an active condensation significantly increases 

electricity consumption. In this context, combining a small cogeneration is a favorable 

option to reduce electricity purchases from the grid. Based on the pre-analysis in Section 

2.4, three promising cogeneration technologies are considered: 

 Integration of a small-scale Steam Rankine Cycle (SRC) unit into the furnace. 

 Integration of an Organic Rankine Cycle (ORC) unit into the furnace through an 

additional thermal oil heat transfer circuit. 

 Integration of a separate gasification cogeneration (GCHP) unit. 

These technologies are integrated into the system in different ways. The implementation of 

the integration of these three technologies will be described in the following paragraphs. 

The manner in which the cogeneration units are integrated depends on the specific 

characteristics of the technology and is independent of the integration method of the heat 
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pumps. This means the approach to integration remains consistent across different heat pump 

connection methods. The implementation of these three cogeneration integration concepts 

will be elaborated based on the hydraulic diagram of the flue gas-side integration of the heat 

pump. To provide a clearer illustration of the cogeneration integration, other main 

components such as boilers, flue gas cleaning (FGC), heat exchangers, and heat pumps have 

been simplified in the diagram. The optional economizer in the flue gas condenser also has 

been omitted. 

Integration of SRC unit 

Figure 13 presents the hydraulic circuit of the integration of a steam rankine cycle into 

the system. 
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Figure 13: Hydraulic circuit diagram of the integration of the steam Rankine cycle based on steam 

engine for onsite power generation (own illustration). 

The key advantage of integrating a SRC unit is that no additional heat source or firing 

systems are required. As illustrated in the diagram, the evaporator directly extracts heat from 

the combustion gas. Moreover, compared to GCHP units, the SRC offers greater fuel 

flexibility, as it can utilize wood with varying moisture contents and quality. 

In designing the SRC, it is important to ensure that the steam condensing pressure and 

temperature are as low as possible, which is determined by the temperature level of the 

network. Conversely, the evaporating pressure and superheat temperature of the steam cycle 
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should be as high as possible, as these factors determine the electrical efficiency of the steam 

engine. To achieve this, the steam must be sufficiently superheated before expansion. Low 

steam pressures adversely affect the potential working capacity of the steam power process. 

For the system proposed in this work, a maximum pressure of 100 bar and a temperature of 

450 °C, as recommended by Badmi et al. [134], have been chosen. These parameters 

represent a well-defined trade-off between high efficiency and the technical limitations of 

standard technology. 

Integration of ORC unit 

Different from the integration of a SRC unit, integrating an ORC unit into a biomass 

furnace necessitates an additional heat transfer circuit. This circuit transfers heat from the 

hot flue gas to the organic working fluid. The hydraulic circuit diagram for this integration 

is shown in Figure 14. Thermal oil is commonly used as the transfer medium in the 

intermediate heat exchanger. As a result, there is a loss of efficiency in the system due to the 

transfer of thermal oil. 

Within the ORC cycle, the working fluid is initially heated by the heat transfer oil. After 

evaporation, it expands in the expander to drive the generator. The working fluid exiting the 

expander is then liquefied in the condenser. Similar to steam cycles, the condensing 

temperature of the ORC cycle is primarily determined by the supply temperature of the 

heating network. To directly utilize the condensing heat for local heating, the condensation 

temperature needs to be higher than the network's supply temperature. The minimum 

pressure within the device, i. e. condensing pressure in the ORC unit, should be higher than 

the ambient pressure to avoid air infiltration. Unlike steam cycles, the evaporation 

temperature and pressure in an ORC cycle are not only limited by equipment strength but 

also influenced by the physical properties of the Organic Working Fluid (OWF), such as its 

critical point and the enthalpy of evaporation. According to Xu et al. [163], the evaporating 

temperature should not exceed the critical temperature to avoid issues associated with a 

supercritical cycle. The higher the critical temperature of the OWF, the broader the 

temperature range for evaporation. Thus, in designing of the ORC unit, selecting the 

appropriate OWF is particularly critical, which has a significant impact on the system’s 

overall performance. 
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Figure 14: Hydraulic circuit diagram of the integration of the Organic Rankine cycle through an 

additional thermal oil heat transfer for onsite power generation (own illustration). 

The selection process of OWFs has been extensively researched, with most OWFs being 

evaluated based on their thermodynamic properties and cyclic thermodynamic models. 

OWFs can be categorized into three types according to their properties in the isentropic 

expansion process: quasi-isentropic, wet, and dry fluid [164]. This classification is based on 

the saturation vapor curve in T-s (temperature-entropy) diagrams. A negative saturation 

vapor curve, indicative of a 'wet' fluid, can lead to droplet formation in the later stages of 

expansion [137]. Therefore, it is necessary to superheat the vapor at the expander inlet to 

prevent damage to the expander. In contrast, using dry fluid, with a positive saturation vapor 

curve, eliminates the need for steam superheating, as the steam can remain superheated even 

after expansion in the turbine. Additionally, using dry fluid, a recuperator can be employed 

to enhance the cycle's efficiency. 

Based on a preliminary study of the characteristics of different OWFs, 

octamethyltrisiloxane (MDM) was chosen as the circulation medium in this work. The 

corresponding technical analysis will also be based on this selected working fluid. 

Integration of gasification cogeneration unit 

In Figure 15, the integration concept of the heat pump in combination with a gasification 

cogeneration (GCHP) unit is presented. In this variant, the biomass gasifier and the gas 
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cogeneration are treated as a combined cogeneration unit, capable of robust integration into 

the system independently of the biomass boiler. 
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Figure 15: Hydraulic circuit diagram of the integration of the gasification CHP for onsite power 

generation (own illustration).  

The major advantage of this solution is that the integration of a GCHP unit is less difficult 

compared to the integration of the SRC and ORC units. This "extra" equipment can be more 

robustly and independently integrated into the system. Additionally, when low-emission 

biogas is available, the biomass gasification unit can be omitted. Furthermore, the GCHP 

unit can function alone or in conjunction with the heat pump as an additional base load heat 

generator in the network for summer operation, independent of the biomass boiler's 

operation. However, due to the complexity of constructing the biomass gasification CHP 

unit itself, its initial cost is high, and thus its economic viability requires further analysis. 

3.2 System definition and analysis 

This section defines the systems to be studied under different concepts and provides a 

preliminary analysis in terms of mass and energy flows. To ensure comparability among the 

systems examined in this work, it is essential to define the system boundaries uniformly. The 

primary focus of this study will be on the primary heat network side of the biomass heat 

network, i.e., the energy supply system before the main heat exchange station, as illustrated 

in Figure 16. 
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Figure 16: Definition of balance boundary of the studied systems (own illustration). 

The principal distinction among the various integration concepts lies in the structure of 

the generation system. To evaluate the technical, economic, and environmental aspects of 

heat pump integration, the definition and boundaries of systems under different concepts are 

delineated. Moreover, to better illustrate the differences in system configurations, the mass 

and energy flows of each system are displayed and analyzed. 

Baseline system 

In this work, the traditional biomass heating system without flue gas condensation is 

defined as the baseline energy system for comparison purposes, where the heating supply of 

the network is covered solely by the boiler. The mass and energy flows of this system are 

shown in Figure 17. 

Boiler

Network

mfuel , Hfuel

mair , Hair

mex , Hex

Qboiler

Qsupply

mash , HashQloss,boi

B
a
se

li
n

e 

(B
o
il

e
r-

o
n

ly
 s

y
st

e
m

)

 

Figure 17: Mass and energy flow of baseline system (Boiler-only system) (own illustration). 

In the diagram, thicker arrows represent the mass flows of the system inputs and outputs, 

along with the carrying enthalpies, such as fuel and air input into the system, and ash and 

exhaust gases output from the system. Solid lines represent the flow of energy achieved 
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through heat exchange, while dashed lines represent the heat loss from the boiler. The main 

components of the represented baseline system is the biomass boiler, including the 

combustion chamber. As shown in the figure, the mass and energy flow of the system is 

simple, without complex topology. Therefore, its design and operation are relatively simple, 

reflecting the status quo for most currently operating biomass heat networks in Europe. 

However, the absence of heat recovery components means that the exhaust gas exits the 

system at a higher temperature of about 180 °C, carrying a higher enthalpy, which results in 

decreased energy efficiency. 

COND-only system 

To investigate the necessity of integrating heat pumps, a system equipped only with heat 

exchangers for heat recovery (i.e., an economizer and a flue gas condenser) will also be 

examined. This system is defined as the COND-only system. The hydraulic diagram of this 

system refers to Figure 10, while the mass and energy flow are illustrated in Figure 18. 
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Figure 18: Mass and energy flow of flue gas condenser integrated system without heat pump (COND-

only system) (own illustration). 

The main components of this system, in addition to the biomass boiler, also include the 

heat recovery components. The system topology is more complex than that of the baseline 

system, but remains straightforward. As shown in the above diagram, the system generates 

three distinct energy flows that are fed into the network, with the recovered heat from the 

economizer and flue gas condenser utilized for pre-heating the network return. 

Considering the system as a black box, the inputs and outputs across the system boundary 

remain the same as in the baseline system, including the input of biomass fuel and air, and 
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the output of exhaust gases, ash, and their associated enthalpies, as well as the heating energy 

supply and boiler losses. The temperature of the exhaust gas exiting the system boundary 

and the enthalpy it carries depend primarily on the return water temperature of the network. 

As noted in Section 2.2.3, if the network return temperature is above the flue gas dew point 

temperature, the latent heat in the flue gas cannot be effectively recovered by the flue gas 

condenser without auxiliary measures. 

HP-integrated systems 

To effectively recover the latent heat from the flue gas, heat pumps can be integrated into 

the system in various ways. The method of integrating the heat pump evaporator 

significantly impacts the system, with two primary connection methods: direct connection 

to the condenser and connection to the network to cool the flue gas, as described in Section 

3.1.2. The hydraulic diagrams of both concepts can be found in Figure 11. For further 

analysis, systems employing these concepts are defined as the flue gas-side HP-integrated 

system and network-side HP-integrated system, respectively. For a clear illustration of the 

difference between both concepts, the mass and energy flows of the systems are displayed 

in Figure 19. 
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Figure 19: Mass and energy flow of the system with an integrated heat pump (Top: flue gas-side 

HP-integrated system; Bottom: network-side HP-integrated system) (own illustration). 

The main components of both system configurations are the biomass boiler (including the 

combustion chamber), the economizer for sensible heat recovery, the flue gas condenser for 

latent heat recovery, and the heat pump for cooling and elevating the temperature of waste 

heat. 

In both systems, the heat pump serves as both, a cooling device and an energy supply 

device. Both systems require the introduction of an additional energy input, as depicted in 

Figure 19 by the green arrows, which represent the electricity required to drive the heat 

pump. Externally, the input and output mass and energy flows appear similar for both 

systems, with an additional electrical input compared to the baseline system. The primary 

difference between these systems lies in the cooling objects (refer to Figure 11), resulting in 

different internal energy flows inside the system boundaries. 

In the flue gas-side HP-integrated system, the heat pump directly cools the flue gas, by 

using additional electricity to raise the waste heat temperature in the flue gas to a usable 
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level. In this process, the heat flow from the condenser serves as the heat source for the heat 

pump. Therefore, only three heat flows are fed into the heat network: heat generated by the 

boiler, the economizer and the heat pump. 

In the network-side HP-integrated system, the heat pump cools the flue gas indirectly by 

lowering the network return temperature below the flue gas dew point temperature. In this 

setup, the heat pump is not directly connected to the condenser and draws its heat source 

from the heating network. The heat output from the flue gas condenser is directly fed into 

the network, which leads to two additional internal heat flows compared to the flue gas-side 

HP-integrated system. Thus, there are five heat flows around the network, four as inputs 

from the four main components, and one as output, serving as the heat source for the heat 

pump. This leads to a more complex system topology. 
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Figure 20: Opposite representation of the topologies of the HP-integrated systems compared to the 

baseline system and the COND-only system (own illustration). 

An opposite representation of the topologies of both systems with integrated heat pumps 

compared to the baseline system and COND-only system is shown in Figure 20. Where each 

point represents a main system component, and the arrows indicate the direction of energy 

flow. It is evident from the figure that the topologies of the systems with integrated heat 

pumps are more complex than the two previously mentioned systems. 
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HP-CHP-integrated systems 

To reduce external power input, additional integration of cogeneration can be considered 

to directly power the heat pump. Different concepts have been introduced in Section 3.1.3, 

including the integration of steam Rankine cycle (SRC), Organic Rankine cycle (SRC) and 

biomass gasification cogeneration (GCHP). The energy systems incorporating these 

integration concepts are defined here as the HP-SRC-integrated system, HP-ORC-integrated 

system, and HP-GCHP-integrated system, respectively. Figure 21 illustrates the 

corresponding mass and energy flows of these systems using examples of the flue gas-side 

integration of a heat pump. In this work, it is assumed that the cogeneration units solely 

supply the electricity demand of the heat pump excluding other devices, such as network 

pumps or lighting. Otherwise, additional power storage would be required to meet the real-

time demand of these devices, which would further increase the initial investment and 

complexity of the system. 

As shown in the figure, integrating different types of cogeneration units can eliminate the 

need for additional external power input to drive the heat pump. However, this integration 

also significantly complicates the internal energy flow of the system. 

For instance, the HP-SRC-integrated system has two additional internal energy flows 

compared to the HP-integrated system. These include the heat generated by the CHP, which 

feeds into the network, and the electricity generated for the heat pump. This electric energy 

flow supplants the external power input, resulting in the system's inputs and outputs 

appearing the same as the baseline system from an external perspective. The energy flow of 

the HP-ORC integrated system is similar to the HP-SRC system, except that there is an 

additional intermediate energy exchange. 
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Figure 21: Mass and energy flow of the systems with an integrated heat pump and CHP units (Top: 

HP-SRC-integrated system; Middle: HP-ORC-integrated system; Bottom: HP-GCHP-integrated 

system) (own illustration). 

In the HP-GCHP system, the integration of the GCHP unit is relatively robust and simple, 

with the electricity generated directly powering the heat pump and the heat generated being 

fed directly into the heat network. As depicted in Figure 21, the integration of the GCHP 

unit does not affect the mass and energy flow of the other components, except for the power 

supply to the heat pump, allowing the system to operate without impacting other 
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components. However, it requires additional fuel output. Consequently, resulting in 

additional input and output mass and energy flows to the system. 

An opposite representation of the topologies of the systems with integrated heat pumps 

and CHP units is shown in Figure 22.  
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Figure 22: Opposite representation of the topologies of the HP-CHP-integrated systems (own 

illustration). 

In all  three CHP integration concepts, the CHP units are primarily electricity-conducted 

operated to satisfy the power demand of the heat pumps, since the operational control of the 

CHP unit is closely related to the operation of the heat pumps. Consequently, buffer tanks 

for heat storage will be necessary to maintain the balance of the heat network. The 

complexity of the system also increases significantly due to the addition of multiple 

components. This complexity places high demands on the planning and operation of the 

entire heating system, requiring careful consideration and management. 
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4. Methodology for system integration 

To implement a comprehensive and transferable method for integrating heat pumps into 

biomass heating networks, a general simulation model is proposed in this chapter. The model 

enables the integration of the flue gas condenser and heat pump in biomass heating in 

different ways, as well as further integration of different types of small-scale cogeneration 

units to generate onsite electricity for the heat pump. A detailed description of the entire 

simulation model is carried out in the following sections.  

Section 4.1 provides a detailed explanation of the thermodynamic model for each system 

component. These component models enable the simulation of the different integration 

concepts that can be applied in biomass heating networks. 

Section 4.2 outlines the detailed procedures for integrating the various components of the 

system according to the selected integration concept. This section provides step-by-step 

instructions for connecting the modules in the simulation model. 

To evaluate the integration concepts from thermodynamic, economic, and environmental 

perspectives, key performance indicators are defined in Section 4.3. These indicators allow 

for a comprehensive evaluation of the integration concepts and provide a basis for comparing 

the different integration options. 

4.1 Modeling of System components 

To accurately simulate the behavior of the different substances and components in the 

biomass heating network, the models were developed based on thermodynamic principles. 

The thermodynamic calculation aims to determine all significant energy and mass flows, 

which are critical for evaluating the performance of the system component. The main 

components of the system are the boiler with the combustion chamber, economizer, flue gas 

condenser, heat pump and different types of cogeneration technologies, including SRC, ORC 

and gasification cogeneration. In this work, the economizer is defined to recover sensible 

heat, while the flue gas condenser is primarily for recovering latent heat. Each component is 

modeled as an abstract object that has specific input and output parameters and can achieve 

some specific functions. 
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4.1.1 Combustion and boiler  

In the combustion chamber, the incoming fuel and air undergo combustion, resulting in 

flue gas and ash. To regulate the temperature in the combustion chamber, a portion of the 

flue gases are typically recirculated. In this work, the combustion chamber, the boiler, and 

the precipitator are modeled together as a single unit. The mass and energy balance of which 

can be mathematically formulated as follows: 

∑ �̇�𝑠
𝑖𝑛 =

𝑠∈𝑆𝑖𝑛

∑ �̇�𝑠
𝑜𝑢𝑡

𝑠∈𝑆𝑜𝑢𝑡

(17) 

�̇�𝑏𝑜𝑖𝑙𝑒𝑟 + �̇�𝑙𝑜𝑠𝑠 = ∑ �̇�𝑠
𝑖𝑛 ∗ ℎ𝑠

𝑖𝑛

𝑠∈𝑆𝑖𝑛

−  ∑ �̇�𝑠
𝑜𝑢𝑡 ∗ ℎ𝑠

𝑜𝑢𝑡

𝑠∈𝑆𝑜𝑢𝑡

(18) 

where ̇�̇�𝑏𝑜𝑖𝑙𝑒𝑟  is the heat output of the boiler, which should be specified as a known 

parameter, and �̇�𝑙𝑜𝑠𝑠 is the heat loss via surface convection of the biomass boiler. The mass 

and energy flow of various substances s can be determined based on the combustion process. 

During combustion, the supplied fuel and air are converted into flue gas and ash, which 

contain various substances. The combustion equation based on dry fuel can be expressed as 

follows: 

𝐶𝑥𝐻𝑦𝑁𝑧𝑆𝑢𝐶𝑙𝑣𝑂𝑤𝐴𝑂𝑠 +
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𝑦

4
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2
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0.79

0.21
𝑁2) →

(𝑥 − 𝑘)𝐶𝑂2 + 𝑘𝐶𝑂 +
𝑦

2
𝐻2𝑂 + 𝑢𝑆𝑂2 +

((𝜆 − 1) (𝑥 +
𝑦

4
+ 𝑢 −

𝑤

2
) +

𝑘

2
− 𝑗)𝑂2 +

(
0.79

0.21
𝜆 (𝑥 +

𝑦

4
+ 𝑢 −

𝑤

2
) +

𝑧 − 𝑗

2
)𝑁2 +

𝑗𝑁𝑂2 + 𝑣𝐶𝑙 + 𝑠𝐴𝑂 (19)

 

This formula enables the systematic calculation of the molar proportions of the individual 

substances and their enthalpy values. The fuel composition in this formula should be given 

as input, which can be obtained from the supplier or analyzed in the laboratory.  

To solve the energy balances, the temperature-related thermal enthalpy ℎ𝑠
𝑡ℎ  and the 

chemically bound enthalpy ℎ𝑠
𝑐ℎ𝑒𝑚. of the substance should be considered. The exact thermal 

enthalpy values can be determined using the thermodynamic library CoolProp [165], which 

provides accurate representations of various thermodynamic parameters of pure and pseudo-
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pure fluids based on two given thermodynamic state variables. The thermal enthalpy ℎ𝑠
𝑡ℎ can 

be mapped by the pressure 𝑝𝑠  and temperature 𝑇. And the chemically bound enthalpies 

ℎ𝑠
𝑐ℎ𝑒𝑚.are determined based on the lower heating value 𝑙ℎ𝑣𝑠 of substance s: 

ℎ𝑠 = ℎ𝑠
𝑡ℎ + ℎ𝑠

𝑐ℎ𝑒𝑚. = ℎ𝑠(𝑝𝑠, 𝑇) + 𝑙ℎ𝑣𝑠 ∀ 𝑠 ∈ 𝑆𝑖𝑛, 𝑆𝑜𝑢𝑡 (20) 

In practice, the most significant limitation in the energy assessment for biomass heating 

systems is often the accurate determination of fuel consumption �̇� 𝑓, since it is typically 

estimated based on the approximate daily burned volume of the fuel, which can be 

inaccurate. Therefore, it is essential to determine the fuel consumption through a detailed 

simulation based on the solved mass and energy balance: 

�̇� 𝑓 =
3600 ∗ (�̇�𝑏𝑜𝑖𝑙𝑒𝑟 + �̇�𝑙𝑜𝑠𝑠)

∑ (ℎ𝑠
∗𝑡ℎ + ℎ𝑠

∗𝑐ℎ𝑒𝑚.) − 𝑠∈𝑆𝑖𝑛
∑ (ℎ𝑠

∗𝑡ℎ + ℎ𝑠
∗𝑐ℎ𝑒𝑚.)𝑠∈𝑆𝑜𝑢𝑡

(21) 

where enthalpy values ℎ𝑠
∗ of all substances are based on 1 kg of burned wet biomass fuel. 

For calculating the heat loss via surface convection of the biomass boiler �̇�𝑙𝑜𝑠𝑠, a simplified 

model was suggested by Gaderer [21] and adapted for this study, which is detailed in 

Appendix B. 

4.1.2 Heat exchanger 

This section sets up the modules of the various heat recyclers, such as economizers, flue 

gas condensers, as well as air preheaters, which all belong to the category of heat exchanger 

(HEX) devices. Heat recycler like flue gas condensers are available in both direct and 

indirect contact systems, as mentioned in Section 2.2.1. In direct contact systems, the cooling 

water is exposed to the flue gas and used as heat source for the heat pump outflow or directly 

for heating the network. The condensation water is removed with the cooling water together. 

In indirect contact system, shell-and-tube and plate heat exchangers are typically used for 

condenser and economizer, with the condensation water being removed separately. 

When the exiting flue gas temperature is lower than the dew point, it signifies that the 

saturated partial pressure of the vapor at the outlet point in the flue gas is lower than the 

actual partial pressure of the vapor at the inlet. This discrepancy results in the formation of 

condensation water from the flue gas. The mass and energy balance within a HEX can be 

described as follows: 
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∑ �̇�𝑠
𝑖𝑛

𝑠∈𝑆𝑓𝑔
𝑖𝑛

=  ∑ �̇�𝑠
𝑜𝑢𝑡

𝑠∈𝑆𝑓𝑔
𝑜𝑢𝑡

+ ∆�̇�𝑐 | �̇�𝑐𝑙𝑡
𝑖𝑛 =  �̇�𝑐𝑙𝑡

𝑜𝑢𝑡 (22)
 

∑ �̇�𝑠
𝑖𝑛 ∗ ℎ𝑠

𝑖𝑛

𝑠∈𝑆𝑓𝑔
𝑖𝑛

+ �̇�𝑐𝑙𝑡
𝑖𝑛 ∗ ℎ𝑐𝑙𝑡

𝑖𝑛 = ∑ �̇�𝑠
𝑜𝑢𝑡 ∗ ℎ𝑠

𝑜𝑢𝑡

𝑠∈𝑆𝑓𝑔
𝑜𝑢𝑡

+ ∆�̇�𝑐 ∗ ℎ𝑐 + �̇�𝑐𝑙𝑡
𝑜𝑢𝑡 ∗ ℎ𝑐𝑙𝑡

𝑜𝑢𝑡 (23)
 

Where �̇�𝑐𝑙𝑡
𝑖𝑛  and �̇�𝑐𝑙𝑡

𝑜𝑢𝑡  represent the in- and outlet mass flow of the cooling medium, 

respectively. And ∆�̇�𝑐 is the mass flow of condensation water in the exiting, which can be 

determined as follows, in relation to the molar amount of dry flue gas �̇�𝑓𝑔,𝑑𝑟𝑦
𝑡𝑜𝑡 . 

 𝑝𝐻2𝑂,𝑠𝑎𝑡
𝑜𝑢𝑡 =  𝑒

−5,098 + 0,051 ∗ 𝑡𝑓𝑔
𝑜𝑢𝑡

1 + 0,0043 ∗  𝑡𝑓𝑔
𝑜𝑢𝑡

(24)
 

𝑝𝐻2𝑂
𝑖𝑛 =

�̇�𝐻2𝑂

�̇�𝑓𝑔,𝑤𝑒𝑡
𝑡𝑜𝑡 ∗ 𝑝𝑓𝑔

𝑖𝑛 (25) 

 𝑝𝐻2𝑂
𝑜𝑢𝑡 = 𝑚𝑖𝑛(𝑝𝐻2𝑂,𝑠𝑎𝑡

𝑜𝑢𝑡 , 𝑝𝐻2𝑂
𝑖𝑛 ) (26) 

∆�̇�𝑐 =
𝑝𝐻2𝑂

𝑖𝑛 − 𝑝𝐻2𝑂
𝑜𝑢𝑡

𝑝𝑓𝑔
𝑖𝑛 − 𝑝𝐻2𝑂

𝑖𝑛
∗ �̇�𝑓𝑔,𝑑𝑟𝑦

𝑡𝑜𝑡 ∗ 𝑀𝐻2𝑂 (27) 

Where 𝑝𝐻2𝑂
𝑖𝑛 , 𝑝𝐻2𝑂

𝑜𝑢𝑡  and 𝑝𝐻2𝑂,𝑠𝑎𝑡
𝑜𝑢𝑡  represent the heat exchanger inlet water vapor partial 

pressure, the outlet actual water vapor partial pressure and the outlet saturated water vapor 

partial pressure, respectively. Among these, equation (24) is an empirical formula based on 

the steam table as a T(p) fit according to [17]. 

To solve the balances of the heat exchanger, the flue gas composition ∑ �̇�𝑠
𝑖𝑛

𝑠∈𝑆𝑓𝑔
𝑖𝑛  and the 

amount of wet flue gas �̇�𝑓𝑔,𝑤𝑒𝑡
𝑡𝑜𝑡  should be provided as input or calculated by the combustion 

boiler model. Additionally, the inlet and outlet temperatures of the heat exchanger should be 

set. The determination of the enthalpy ℎ𝑠 of substance s may also refer to equation (20). 

By balancing the mass and energy flows, the performance of the heat exchanger can be 

determined: 

�̇�ℎ𝑒𝑥 = ∑ �̇�𝑠
𝑖𝑛 ∗ ℎ𝑠

𝑖𝑛

𝑠∈𝑆𝑓𝑔
𝑖𝑛

− ∑ �̇�𝑠
𝑜𝑢𝑡 ∗ ℎ𝑠

𝑜𝑢𝑡

𝑠∈𝑆𝑓𝑔
𝑜𝑢𝑡

− ∆�̇�𝑐 ∗ ℎ𝑐 (28)
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4.1.3 Heat pump 

In this section, the heat pump model is presented, which considers the thermodynamic 

cycle at different temperature levels, with different refrigerants. The simplified scheme with 

four main components is shown in Figure 23. 
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Figure 23: Simplified scheme of the heat pump model (own illustration). 

For initializing the heat pump unit, following input parameters shall be specified:  

- Source temperature 𝑇𝑠𝑜𝑢𝑟𝑐𝑒
𝑖𝑛 , 𝑇𝑠𝑜𝑢𝑟𝑐𝑒

𝑜𝑢𝑡 , e.g., inlet and outlet temperature of the flue gas 

in the flue gas condenser at the heat pump evaporator side. 

- Sink temperature of the heat pump 𝑇𝑠𝑖𝑛𝑘
𝑖𝑛 , 𝑇𝑠𝑖𝑛𝑘

𝑜𝑢𝑡 , e.g., inlet and outlet temperature of 

the network at the heat pump condenser side. 

- Available heat flow from the heat source �̇�𝑠𝑜𝑢𝑟𝑐𝑒  

- Selected refrigerant ref. 

The default parameters, such as minimal temperature differences and isentropic 

efficiency, are listed in Table 3. Using these input parameters, the state of the different points 

in the thermodynamic cycle and the required size of the different subcomponents can be 

calculated. 
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Table 3: Default parameters for the design of the heat pump. 

Parameters Default values 

Minimal temperature difference between source outlet and evaporating Δ𝑇𝑒 5𝐾 

Minimal temperature difference between sink outlet and condensing Δ𝑇𝑐 5𝐾 

Compressor isentropic efficiency 𝜂𝑖𝑠 80 % 

Compressor mechanical efficiency 𝜂𝑚 95 % 

Compressor electrical efficiency 𝜂𝑒𝑙 95 % 

Valve isolation efficiency 𝜂𝑖𝑠𝑜 95 % 

HEX efficiency 𝜂ℎ𝑒𝑥 94 % 

 

Thermodynamic cycle  

The evaporation and condensation temperature of the cycle can be defined by source and 

sink temperature, where temperature difference in heat exchangers should be considered. 

From this, the evaporation and condensation pressure can be determined by the CoolProp 

database [165]. 

12: The compression model calculates the required compression work based on the 

given input and output pressures. With the defined evaporating temperature  𝑇𝑒  and 

superheating Δ𝑇𝑠ℎ , as well as the pressure, other thermodynamic parameters at the 

compressor inlet point can be mapped. The ideal compression process is isentropic, meaning 

the entropy at the ideal outlet should match that at the inlet. With the entropy and pressure 

value, the ideal outlet point can be determined: 

(ℎ, 𝑠, 𝑞)1 = 𝑚𝑎𝑝(𝑝𝑒 , 𝑇1, 𝑟𝑒𝑓. ) (29) 

𝑠2,𝑖𝑠 = 𝑠1 (30) 

(ℎ, 𝑇, 𝑞)2,𝑖𝑠 = 𝑚𝑎𝑝(𝑝𝑐, 𝑠2,𝑖𝑠, 𝑟𝑒𝑓. ) (31) 

Real processes invariably involve some entropy gain during compression, which can be 

described by the isentropic efficiency. The isentropic efficiency of a compressor is defined 

as the ratio of the work input in an isentropic process to the work input in the actual process 

for the same inlet and outlet pressures [166]. This often varies from the manufacturer data. 
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In general, it is complex to calculate, which requires the use of partly spatial models with 

numerous empirically determined parameters for quantifying the total irreversibility in the 

circuit [167]. To reduce the complexity of the model, a fixed isentropic efficiency is assumed 

for the analysis, which is also used in [168]. After calculating the specific enthalpy at the 

real outlet point, other thermodynamic parameters at that point can also be determined: 

ℎ2 =  ℎ1 +
ℎ2,𝑖𝑠 − ℎ1

𝜂𝑖𝑠
(32) 

(𝑇, 𝑠, 𝑞)2 = 𝑚𝑎𝑝(𝑝𝑐, ℎ2, 𝑟𝑒𝑓. ) (33) 

23: The condensing model enable the determination of the heating output of the heat 

pump. The inlet point of the condenser corresponds to the outlet point of the compressor, 

and the condenser outlet point can be determined by the sink temperature. In the model, it is 

assumed that the refrigerant is subcooled to the inlet sink temperature, considering the 

temperature difference in the heat exchanger. This allows the subcooled refrigerant to absorb 

more heat from the source. 

(ℎ, 𝑠, 𝑞)2 = 𝑚𝑎𝑝(𝑝𝑐, 𝑇3, 𝑟𝑒𝑓. ) (34) 

34: The valve in the heat pump enables the control of the flow rate of the refrigerant 

released into the evaporator and is intended to regulate the superheat of the vapor leaving 

the evaporator [169]. The refrigerant temperature drops below the flue gas temperature after 

passing through it. Ideally, the specific enthalpy does not change during the isenthalpic 

process. However, in reality, there can be some enthalpy losses due to insufficient insulation.  

ℎ4 =  ℎ3 ∗ 𝜂𝑖𝑠𝑜 (35) 

(𝑞)4 = 𝑚𝑎𝑝(ℎ4, 𝑇𝑒 , 𝑟𝑒𝑓. ) (36) 

41: After passing through the valve, the refrigerant re-enters the evaporator with low 

enthalpy. Upon evaporation, the refrigerant is heated and then circulates back into the 

compressor. 

The calculation procedure for the thermodynamic cycle is summarized in Table 4. 
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Table 4: Calculation procedure for the thermodynamic cycle. 

Nodes Known parameters Solved parameters 

init 𝑇𝑒 =  𝑇𝑠𝑜𝑢𝑟𝑐𝑒
𝑜𝑢𝑡 − Δ𝑇𝑒 

𝑇𝑐 =  𝑇𝑠𝑖𝑛𝑘
𝑜𝑢𝑡 + Δ𝑇𝑐 

𝜋𝑚𝑎𝑥, refrigerant 

𝑝𝑒, 𝑝𝑐 

  1" 𝑇𝑒, 𝑝𝑒, q=1 - 

1 𝑝𝑒, 𝑇1 =  𝑇 + Δ𝑇𝑠ℎ ℎ1, 𝑠1, 𝑞1 

2 𝑝𝑐, 𝑠1, 𝜂𝑖𝑠 ℎ2, 𝑇2, 𝑞2 

  2" 𝑝𝑐,q=1 ℎ2“, 𝑠2“ 

 2' 𝑝𝑐,q=0 ℎ2‘, 𝑠2‘ 

3 𝑝𝑐, 𝑇3 =  𝑇𝑒 − Δ𝑇𝑠𝑐 ℎ3, 𝑠3, 𝑞3 

4 ℎ3, 𝑇𝑒, 𝜂𝑖𝑠𝑜 ℎ4, 𝑠4, 𝑞4 

 

Energy flows 

With the defined cycle, the refrigerant flow rate �̇�𝑟𝑒𝑓 and energy flows, like the available 

heat supply �̇�𝑠𝑖𝑛𝑘  and the required electrical power 𝑃𝑒𝑙 can be determined as follows: 

�̇�𝑟𝑒𝑓 =  
�̇�𝑠𝑜𝑢𝑟𝑐𝑒 ∗ 𝜂ℎ𝑒𝑥

ℎ1 −  ℎ4
(37) 

�̇�𝑠𝑖𝑛𝑘 = �̇�𝑟𝑒𝑓 ∗ (ℎ2 −  ℎ3) ∗ 𝜂ℎ𝑒𝑥 (38) 

𝑃𝑒𝑙 =  
�̇�𝑟𝑒𝑓 ∗ (ℎ2 −  ℎ1)

𝜂𝑚 ∗ 𝜂𝑒𝑙
(39) 

Where 𝜂ℎ𝑒𝑥, 𝜂𝑚 and 𝜂𝑒𝑙 represent the heat exchange efficiency, compressor mechanical 

efficiency, and compressor electrical efficiency, respectively. 

For the evaluating the performance of the heat pump, the Coefficient of Performance 

(COP) can be calculated based on the heat supply and the electricity demand, following 

Equation (11). 
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4.1.4 Rankine Cycle 

This subsection set up the model of the Rankine Cycle, which is applicable to both SRC 

and ORC units. By varying the chosen working medium, along with the working pressure 

and temperature, the thermodynamic cycles can be simulated, allowing for the analysis of 

electrical efficiency. The SRC or ORC consists of Evaporator, Expander, Condenser and 

Pump. For an ORC unit, a recuperator is also often employed to improve the cycle efficiency, 

when dry OWF is used. The design of the thermodynamic cycle is analogous to that of the 

heat pump process. A simplified scheme of the model is shown in Figure 24. 

Similar to the heat pump model, the following input parameters should be specified: 

 Source temperature 𝑇𝑠𝑜𝑢𝑟𝑐𝑒,𝑟𝑐
𝑖𝑛 , 𝑇𝑠𝑜𝑢𝑟𝑐𝑒,𝑟𝑐

𝑜𝑢𝑡 , e.g., inlet and outlet temperature of 

the heat source 

 Sink temperature 𝑇𝑠𝑖𝑛𝑘,𝑟𝑐
𝑖𝑛 ,  𝑇𝑠𝑖𝑛𝑘,𝑟𝑐

𝑜𝑢𝑡 , e.g., inlet and outlet temperature from 

network 

 Necessary power requirement for the operation of the heat pump 

 Selected working medium wf. 
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Figure 24: Simplified schematic of CHP unit based on Rankine cycle (Left: SRC or ORC without 

recuperator, right: ORC with recuperator) (own illustration). 

The default parameters, e.g., minimal temperature differences and isentropic efficiencies 

are listed in Table 5. Using these parameters, the state of the different points in the 

thermodynamic cycle and the required size of the various subcomponents can be determined. 
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Table 5: Default parameters for the design of the Rankine Cycle. 

Parameters Default values 

Minimal temperature difference inside heat exchanger Δ𝑇ℎ𝑒𝑥 5𝐾 

Expander isentropic efficiency 𝜂𝑖𝑠 [134,170] 75 % 

Mechanical efficiency 𝜂𝑚 [134] 95 % 

Pump efficiency 𝜂𝑝𝑢𝑚𝑝 [171] 70 % 

Electrical generator efficiency (including inverter) 𝜂𝑒𝑔 [170] 92 % 

HEX efficiency 𝜂ℎ𝑒𝑥 94 % 

 

Thermodynamic cycle 

For the ORC design, to prevent issues caused by a supercritical cycle, the maximum 

possible evaporation temperature is set below the critical temperature. For the SRC design, 

a maximum pressure of 100 bar and a temperature of 450 °C, as suggested by Badmi et al. 

[134], are chosen. These parameters represent a balance between high efficiency and the 

technical limitations of standard technology. The process of identifying each point is detailed 

below. The calculation of each state point depicted in Figure 24 is outlined as follows. 

12: Similar to the compression process, there is an entropy increase in the actual 

expansion process. The default value of the isentropic efficiency of the expansion process 

𝜂𝑖𝑠 is set to 0.7 for both steam engine [134] and ORC expander [170] in this model, reflecting 

the current status of both technologies. With this parameter, the enthalpy of the expander 

exit point can be calculated. 

ℎ2 =  ℎ1 − (ℎ1 − ℎ2,𝑖𝑠) ∗ 𝜂𝑖𝑠 (40) 

2(2r) 3: In a simple cycle without a recuperator, the working fluid flows directly into 

the condenser after expansion. The entry point of the condenser is exactly the same as the 

exit point of the expander. When using dry working fluid, it is possible to install a recuperator 

to improve the efficiency of the circuit. In this case, the working fluid flows to the 

recuperator after expansion. The minimum exit point 2𝑟 on the recuperator source side is 

determined by the condensation temperature 𝑇𝑐, which can be defined as 

𝑇2𝑟,𝑚𝑖𝑛 =  𝑇𝑐 + Δ𝑇ℎ𝑒𝑥 (41) 
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The exit point of the working fluid on condenser is defined as the point of saturated liquid 

at the condensation temperature 𝑇𝑐, and pressure 𝑝𝑐,. The condition can be determined by 

calling the CoolProp database. 

34: The pump maintains both the pressure and the mass flow of the working fluid. The 

condensed liquid from the condenser is pumped to the required evaporation pressure. The 

pumping work should also be taken into account when calculating the output and efficiency 

of the ORC unit [171]. 

4 (4r) 1: After pumping, the working fluid enters the recuperator or directly the 

evaporator as an unsaturated liquid under high pressure. The maximum temperature at the 

recuperator's sink side outlet cannot exceed the source inlet side's temperature minus the heat 

exchanger's temperature difference: 

𝑇4𝑟,𝑚𝑎𝑥 =  𝑇2 − Δ𝑇ℎ𝑒𝑥 (42) 

The maximum available recovered specific enthalpy is: 

∆ℎ𝑟 = min(ℎ2 − ℎ2𝑟,𝑚𝑖𝑛, ℎ4𝑟,𝑚𝑎𝑥 − ℎ4) (43) 

Table 6: Calculation procedure for the thermodynamic cycle of the ORC or steam plants. 

 Points Known parameters Solved parameters 

 init 𝑇𝑒,𝑚𝑎𝑥 =  min (𝑇𝑐𝑟𝑖𝑡 , 𝑇𝑠𝑜𝑢𝑟𝑐𝑒,𝑟𝑐
𝑖𝑛

−  Δ𝑇𝑒 −  Δ𝑇𝑠ℎ) 

𝑇𝑐,𝑚𝑖𝑛 =  𝑇𝑠𝑖𝑛𝑘,𝑟𝑐
𝑜𝑢𝑡 + Δ𝑇𝑐 

𝑝𝑒,𝑚𝑎𝑥, 𝜋𝑚𝑎𝑥, wf 

𝑝𝑒

= 𝑚𝑖𝑛 (𝑓(𝑇𝑒,𝑚𝑎𝑥), 𝑝𝑒_𝑚𝑎𝑥) 

𝑇𝑒 = 𝑓(𝑝𝑒) 

𝑝𝑐 =
𝑚𝑎𝑥(𝑓(𝑇𝑐,𝑚𝑖𝑛), 𝑝𝑒/𝜋𝑚𝑎𝑥) 

𝑇𝑐 =  𝑓(𝑝𝑐) 

Without 

recuperator 

 

1" 𝑇𝑒, 𝑝𝑒, q=1 - 

1 𝑝𝑒, 𝑇1 =  min (𝑇1,𝑚𝑎𝑥, 𝑇𝑒 +
Δ𝑇𝑠ℎ) 

ℎ1, 𝑠1 

2 𝑝𝑐, 𝑠1, 𝜂𝑖𝑠 ℎ2, 𝑇2, 𝑠2, 𝑞2 

2" 𝑝𝑐, q=1 ℎ2“, 𝑠2“ 

3(2') 𝑝𝑐, q=0 ℎ3, 𝑠3 

4 𝑝𝑒, 𝑠3, 𝜂𝑖𝑠 ℎ4, 𝑠4, 𝑞4 

Recuperator 

 

2r 𝑇4, 𝑝𝑐 𝑇2𝑟, 𝑠2𝑟 

4r 𝑇2, 𝑝𝑒 𝑇4𝑟, 𝑠4𝑟 
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Based on the recovered specific enthalpy, the specific enthalpy of the recuperator’s exit 

points on the source and sink side and other states can be calculated. The calculation 

procedure for each point of the Clausius-Rankine cycle is recorded in Table 6. 

Energy flows 

Energy flows are crucial in determining the efficiency. The required electrical power for 

the heat pump, serving as an input, allows for the calculation of the working fluid's mass 

flow rate: 

�̇�𝑤𝑓 =
𝑃𝑒𝑙

𝜂𝑚 ∗ 𝜂𝑒𝑔 ∗ (ℎ1 −  ℎ2) − (ℎ4 −  ℎ3)/𝜂𝑝𝑢𝑚𝑝
(44) 

The various energy flows are determined using the following equations: 

�̇�𝑠𝑜𝑢𝑟𝑐𝑒 =  �̇�𝑤𝑓 ∗ (ℎ1 −  ℎ4𝑟)/𝜂ℎ𝑒𝑥 (45) 

𝑃𝑒𝑙,𝑒𝑔 = �̇�𝑤𝑓 ∗ (ℎ1 −  ℎ2) ∗ 𝜂𝑚 ∗ 𝜂𝑒𝑔 (46) 

�̇�𝑠𝑖𝑛𝑘 =  �̇�𝑤𝑓 ∗ (ℎ2𝑟 −  ℎ3) ∗ 𝜂ℎ𝑒𝑥 (47) 

𝑃𝑒𝑙,𝑝𝑢𝑚𝑝 = �̇�𝑤𝑓 ∗
ℎ4 −  ℎ3

𝜂𝑝𝑢𝑚𝑝
(48) 

The electrical and thermal efficiency of the cogeneration unit can be calculated as follows: 

𝜂𝑒𝑙 =  
𝑃𝑒𝑙,𝑒𝑔 − 𝑃𝑒𝑙,𝑝𝑢𝑚𝑝 

�̇�𝑠𝑜𝑢𝑟𝑐𝑒

(49) 

𝜂𝑡ℎ =  
�̇�𝑠𝑖𝑛𝑘

�̇�𝑠𝑜𝑢𝑟𝑐𝑒

(50) 

4.1.5 Wood gasifier CHP 

An other possibility to provide the necessary power for the heat pump operation is through 

a small biomass gasifier cogeneration unit (GCHP). In this model, the GCHP is considered 

as an integrated device that includes a gas conversion component and a gas engine unit for 

power and heat generation [172]. In the biomass gasification unit, the fuel is first converted 

into syngas consisting of H2, CO, CO2, H2O, CH4, N2, and residual coal. [149]. The gas 

conversion efficiency 𝜂𝑔𝑎𝑠𝑖𝑓𝑖𝑒𝑟 is assumed to be 0.85 in the model, which is state of the art 

[151]. The syngas subsequently enters the gas engine unit and is burnt to generate electricity 
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and heat. The mass and energy balances of the gasifier cogeneration unit (GCHP) are 

analogous to the boiler model. 

The partial load behaviors of gas engine units vary greatly. Electrical, thermal and overall 

efficiencies depend on various factors such as manufacturer, network temperature, 

modulation 𝓏, and most importantly, the rated power 𝑃𝑒𝑙,𝑛 of a GCHP. In ref. [173], two 

general formulas are established for calculating the electrical efficiency 𝜂𝑒𝑙  and thermal 

efficiency 𝜂𝑡ℎ of a gas engine CHP units, based on a variety of product data from gas engine 

CHP manufacturers, which had been proven by Koch et al. [174] to be applicable to biogas 

engine cogeneration as well. 

𝜂𝑒𝑙 = 0.27 + 0,1089 ∗ (𝓏 − 0.33) + 0,0255 ∗ (𝑙𝑜𝑔(𝑃𝑒𝑙,𝑛) − 𝑙𝑜𝑔(50)) (51) 

𝜂𝑡ℎ = 0.61 − 0.0746 ∗ (𝓏 − 0.33) − 0.0255 ∗ (𝑙𝑜𝑔(𝑃𝑒𝑙,𝑛) − 𝑙𝑜𝑔(50))

−0.002 ∗ (𝑇𝑟𝑒𝑡𝑢𝑟𝑛 − 45) − 0.00175 ∗ (𝑇𝑓𝑒𝑒𝑑 − 90) (52)
 

where 𝓏 is the modulation of the cogeneration. 

𝓏 =
𝑃𝑒𝑙

𝑃𝑒𝑙,𝑛
(53) 

Based on these equations, the power to heat ratio of the cogeneration 𝜎  can be 

determined: 

𝜎 =
𝜂𝑒𝑙

𝜂𝑡ℎ
= 𝑓(𝑃𝑒𝑙,𝑛, 𝓏) (54) 

In this work, the power output of the GCHP 𝑃𝑒𝑙,𝑔𝑐ℎ𝑝 should be decided by the simulated 

power demand of the heat pump, and therefore be provided as an input parameter in the 

GCHP module. The power to heat ratio 𝜎 then allows the calculation of its thermal output 

�̇�𝑡ℎ,𝑔𝑐ℎ𝑝: 

�̇�𝑡ℎ,𝑔𝑐ℎ𝑝 =
𝑃𝑒𝑙,𝑔𝑐ℎ𝑝

𝜎
(55) 

The overall efficiency of the GCHP 𝜂𝑔𝑐ℎ𝑝 would be the product of the gas conversion 

efficiency and the total efficiency of biogas engine CHP: 

𝜂𝑔𝑐ℎ𝑝 = 𝜂𝑔𝑎𝑠𝑖𝑓𝑖𝑒𝑟 ∗ (𝜂𝑒𝑙 + 𝜂𝑡ℎ) (56) 
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With the obtained values 𝑃𝑒𝑙,𝑔𝑐ℎ𝑝, �̇�𝑡ℎ,𝑔𝑐ℎ𝑝, 𝜂𝑔𝑐ℎ𝑝, the fuel demand of the GCHP �̇� 𝑓,𝑔𝑐ℎ𝑝 

can now be determined by: 

�̇� 𝑓,𝑔𝑐ℎ𝑝 =
(�̇�𝑡ℎ,𝑔𝑐ℎ𝑝 + 𝑃𝑒𝑙,𝑔𝑐ℎ𝑝)

𝜂𝑔𝑐ℎ𝑝 ∗ 𝐻𝑓𝑢𝑒𝑙,𝑔𝑐ℎ𝑝
(57) 

4.1.6 Heat network 

In this study, the focus is on the primary heating cycle of the networks before the heat 

transfer station. This cycle is characterized by the measured heating demand of the primary 

cycle (which encompasses the heat losses in the secondary heating cycle), along with the 

main grid return and forward temperatures. Due to the short lengths of the pipes in the 

primary cycle, heat loss is considered negligible. The flow rate in this context is expressed 

as follows: 

�̇�𝑚𝑎𝑖𝑛
𝑛𝑒𝑡 =  

�̇�𝑑𝑒𝑚𝑎𝑛𝑑

𝑇𝑓𝑒𝑒𝑑
𝑛𝑒𝑡 − 𝑇𝑟𝑒𝑡𝑢𝑟𝑛

𝑛𝑒𝑡 (58) 

4.2 System integration 

Depending on the selected concept and required input parameters, different modules can 

be initialized and connected based on their interconnection of the mass and energy flows. 

The devices to be integrated include system components such as heat exchanger (e.g., 

economizer, flue gas condenser), heat pump and cogeneration units. The integration process 

for the heat exchanger, which cools the flue gas, and the heat pump, which assists the 

condensation, is described in subsection 4.2.1. The process for integrating the cogeneration 

units to power the heat pumps is described in subsection 4.2.2. Subsection 4.2.3 describes 

the solving procedure of the system’s energy balance, allowing for simulation of the system 

as an integrated unit. 

4.2.1 Integration procedure of heat pump 

An overview of the approach to integrate the different heat exchangers and heat pump 

into the system, as well the interconnection of the mass and energy flows of different 

modules, is displayed in Figure 25. 
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Figure 25: Flow chart of the integration process of heat exchangers and heat pump. 

1. Model initialization 

For the initialization of the whole system simulation model, the network pipeline and the 

biomass boiler models should first be initialized.  

Initialization of the network model: The annual network demand time series �̇�𝑑𝑒𝑚𝑎𝑛𝑑
𝑡  as 

well as the required network temperatures, i.e., network return temperature 𝑇𝑟𝑒𝑡𝑢𝑟𝑛
𝑛𝑒𝑡  and feed 

forward temperature 𝑇𝑓𝑒𝑒𝑑
𝑛𝑒𝑡 , should be specified.  

Initialization of the boiler model: This begins with setting up the fuel data, which includes 

the type of biomass being used (e.g., wood chips or pellets or self-defined), the fuel element 

composition ∑ 𝑥𝑖
𝑏𝑜𝑖, as well as the water content 𝑤, and fuel lower heating value 𝐻𝑏𝑜𝑖,𝑓. 

Following this, other parameters of the boiler should be specified. If the existing boiler in 

the heating network remains to in operation, its historical technical data, including the boiler 

nominal heat output 𝑄𝑛,𝑏𝑜𝑖, the combustion air ratio 𝜆, combustion temperature 𝑇𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛, 

ash temperature 𝑇𝑎𝑠ℎ, surface temperature 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒, should be provided. With these input 

parameters, the mass and energy balance within the boiler model can be solved.  
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For an assessment of the historical actual operation of a specific biomass heating network, 

the performance profile of the boiler �̇�𝑏𝑜𝑖
𝑡

 can be determined from measurements and used 

as input. If the boiler is equipped with a cogeneration unit, e.g., ORC, the furnace total 

performance will be: 

�̇�𝑓𝑢𝑟𝑛𝑎𝑐𝑒
𝑡 =  �̇�𝑏𝑜𝑖,𝑡ℎ

𝑡 +
𝑃𝑔𝑒𝑛,𝑒𝑙

𝑡

𝜂𝑔𝑒𝑛.𝑒𝑙
(59) 

In scenarios that the existing boiler is being replaced or if the boiler nominal heat output 

𝑄𝑛,𝑏𝑜𝑖 is not available, the nominal heat output of the boiler should be determined iteratively 

by solving the whole system model. For accuracy, it is recommended to use a small-time 

interval for the network demand data �̇�𝑑𝑒𝑚𝑎𝑛𝑑
𝑡 , such as one hour, to account for fluctuations 

in demand throughout the day and year. 

To ensure accurate simulation of biomass heating systems, it is crucial to account for both 

mass and energy balances as well as the operating constraints of the biomass boilers. These 

constraints include the part-load operating thresholds and the minimum full utilization hours 

(𝐹𝑈𝐻𝑚𝑖𝑛 ) of the boilers. The part-load operating thresholds refer to the minimum and 

maximum heat outputs at which the boiler can operate efficiently. These thresholds are 

critical for system performance and should be considered during the simulation. The 

𝐹𝑈𝐻𝑚𝑖𝑛 for the biomass boilers is the minimum number of equivalent hours that the boiler 

should run at full load annually. This constraint ensures optimal utilization of the boiler. 

These operating constraints should be incorporated as input parameters to model the 

performance of the biomass heating system accurately: 

𝓏𝑏𝑜𝑖,𝑚𝑖𝑛 ≤
�̇�𝑏𝑜𝑖

𝑡

𝑄𝑛,𝑏𝑜𝑖
≤ 𝓏𝑏𝑜𝑖,𝑚𝑎𝑥  ∀   𝑡 ∈ 𝑆𝑡 (60) 

∫ �̇�𝑏𝑜𝑖
𝑡 𝑑𝑡 ≥ 𝑄𝑛,𝑏𝑜𝑖 ∗ 𝐹𝑈𝐻𝑚𝑖𝑛 ∀   𝑡 ∈ 𝑆𝑡 (61) 

where 𝓏𝑏𝑜𝑖,𝑚𝑖𝑛 and 𝓏𝑏𝑜𝑖,𝑚𝑎𝑥  stand for the minimal and maximal operating modulation of 

boiler, respectively. The integrals are calculated numerically over a year. 𝑑𝑡 denotes the time 

interval of the demand time series 𝑆𝑡. 

2. Integration of the heat exchangers 
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To initialize the heat exchanger model, the inlet- and outlet temperatures of flue gas for 

each type of heat exchanger 𝑇𝑖𝑛
ℎ𝑒𝑥,  𝑇𝑜𝑢𝑡

ℎ𝑒𝑥 should be set as predetermined values. Additionally, 

the inlet gas composition ∑ 𝑦𝑓𝑔,𝑖𝑛
ℎ𝑒𝑥  should be determined. To get this value, the sequences of 

different types of heat exchangers must be first defined. In this sequence, the economizer 

must be connected before the flue gas condenser to prevent condensation in the economizer. 

Various installation and placement options for the air preheater can be considered in the 

model, including: 

 No installation of an air preheater 

 Installation before the economizer and condenser 

 Installation after the economizer and before the condenser  

 Installation after the economizer and condenser 

Once the sequence of heat exchangers is established, they can be integrated to the boiler. 

The inlet flue gas composition and enthalpy of the most upstream of these heat exchangers 

is identical to the flue gas composition coming out of the boiler, which can be obtained from 

the boiler model. The outlet flue gas of the upstream heat exchanger is also identical to the 

inlet flue gas of the next heat exchanger. Thus, using the calculated flue gas composition 

from the boiler model, the outlet flue gas composition ∑ 𝑦𝑓𝑔,𝑜𝑢𝑡
ℎ𝑒𝑥  and the heat output �̇�ℎ𝑒𝑥 of 

each heat exchanger can be solved. 

3. Integration of the heat pump 

After integrating heat exchangers for heat recovery, the heat pump can be integrated 

depending on the chosen connection variant. It is crucial to ensure that the heat pump is sized 

as small as possible for a given flue gas outlet temperature to avoid unnecessary investments.  

In the flue gas-side integration variant, the heat pump directly extracts heat from the flue 

gas. Hence, the heat source for the heat pump evaporator �̇�ℎ𝑝 𝑒𝑣𝑎𝑝 originates from the output 

of the flue gas condenser: 

�̇�ℎ𝑝 𝑒𝑣𝑎𝑝 = �̇�𝑐𝑜𝑛𝑑 (62) 

To cool the flue gas to the targeted exhaust temperature, the capacity of the heat pump 

evaporator should match that of the flue gas condenser. Consequently, the inlet gas 

temperature of the flue gas condenser 𝑇𝑐𝑜𝑛𝑑 𝑖𝑛
𝑓𝑔

 should be as low as possible to minimize the 

size of the heat pump. 
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In the network-side integration variant, where the heat pump evaporator is connected to 

the mains return, the heat output of the flue gas condenser �̇�𝑐𝑜𝑛𝑑 is directly fed into the 

network. The heat pump draws heat from the mains return. The size of the heat pump 

evaporator �̇�ℎ𝑝 𝑒𝑣𝑎𝑝 can be adjusted within a certain range depending on the requirements. 

This can be achieved by varying the diverted network water flow to the heat pump evaporator 

�̇�𝑡𝑜 ℎ𝑝 𝑒𝑣𝑎𝑝
𝑐𝑜𝑜𝑙𝑒𝑑 𝑛𝑒𝑡. The setting of the cooled return flow temperature 𝑇𝑡𝑜 𝑐𝑜𝑛𝑑

𝑐𝑜𝑜𝑙𝑒𝑑 𝑛𝑒𝑡 depends on the 

target outlet gas temperature of flue gas condenser 𝑇𝑐𝑜𝑛𝑑 𝑜𝑢𝑡
𝑓𝑔

. 

�̇�ℎ𝑝 𝑒𝑣𝑎𝑝 = �̇�𝑡𝑜 ℎ𝑝 𝑒𝑣𝑎𝑝
𝑐𝑜𝑜𝑙𝑒𝑑 𝑛𝑒𝑡 ∗ 𝑐𝑝 ∗ (𝑇𝑟𝑒𝑡𝑢𝑟𝑛

𝑚𝑎𝑖𝑛 𝑛𝑒𝑡 − 𝑇𝑡𝑜 𝑐𝑜𝑛𝑑
𝑐𝑜𝑜𝑙𝑒𝑑 𝑛𝑒𝑡) (63) 
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Figure 26: Pinch analysis of the flue gas condensation process. 

It is important to maintain a minimum flow rate of the cooling water to the evaporator 

�̇�𝑡𝑜 ℎ𝑝 𝑒𝑣𝑎𝑝
𝑐𝑜𝑜𝑙𝑒𝑑 𝑛𝑒𝑡, as a higher flow rate would necessitate a larger heat pump capacity at the given 

inlet and outlet water temperature of the evaporator. However, to ensure effective waste heat 

recovery, it is equally essential to ensure that the flow rate of the cooling water does not fall 

below a certain limit. Pinch analysis, as shown in Figure 26, indicates that the heat capacity 

of the cooling water flow should not be less than the heat capacity of the flue gas during 

condensation. To balance these factors and achieve efficient waste heat recovery while 

minimizing the heat pump size, the following constraints are applied based on a pinch 

analysis: 

�̇�𝑓𝑔,𝑙𝑎𝑡𝑒𝑛𝑡

𝑐𝑝(𝑇𝑑𝑒𝑤
𝑓𝑔

− 𝑇𝑐𝑜𝑛𝑑 𝑜𝑢𝑡
𝑓𝑔

)
≤ �̇�𝑡𝑜 ℎ𝑝 𝑒𝑣𝑎𝑝

𝑐𝑜𝑜𝑙𝑒𝑑 𝑛𝑒𝑡 ≤ �̇�𝑚𝑎𝑖𝑛
𝑛𝑒𝑡 (64) 



4 Methodology for system integration 81 

Where �̇�𝑓𝑔,𝑙𝑎𝑡𝑒𝑛𝑡 is the recoverable latent heat from the flue gas. 𝑇𝑑𝑒𝑤
𝑓𝑔

 and 𝑇𝑐𝑜𝑛𝑑 𝑜𝑢𝑡
𝑓𝑔

 indicate 

the dew point of the flue gas and the flue gas outlet temperature of the condenser, 

respectively. 

From Equation (64) it can be derived that the lowest amount of bypassed network water 

flow �̇�𝑡𝑜 ℎ𝑝 𝑒𝑣𝑎𝑝
𝑐𝑜𝑜𝑙𝑒𝑑 𝑛𝑒𝑡 depends on the recoverable latent heat �̇�𝑓𝑔,𝑙𝑎𝑡𝑒𝑛𝑡 and dew point of the flue 

gas 𝑇𝑑𝑒𝑤
𝑓𝑔

 at a specified 𝑇𝑐𝑜𝑛𝑑 𝑜𝑢𝑡
𝑓𝑔

. The pinch analysis in Figure 26 also indicates that the inlet 

temperature of the flue gas to the condenser in this variant don’t need to be as low as possible. 

For this reason, the economizer before the flue gas condenser is not mandatory. 

When selecting the heat pump supply temperature for either integration variant, it’s 

important to ensure that this temperature cannot fall below the minimum value so that the 

heat can be efficiently fed into the network. The limit value of the heat pump supply 

temperature 𝑇ℎ𝑝 depends on the maximum possible water mass flow from network to the 

heat pump condenser , i.e., the total mass flow of the mains return network �̇�𝑚𝑎𝑖𝑛
𝑛𝑒𝑡  and the 

inlet sink temperature of the heat pump 𝑇ℎ𝑝 𝑐𝑜𝑛𝑑 𝑖𝑛 
𝑛𝑒𝑡 . 

�̇�ℎ𝑝

�̇�𝑚𝑎𝑖𝑛
𝑛𝑒𝑡 ∗ 𝑐𝑝

+ 𝑇ℎ𝑝 𝑐𝑜𝑛𝑑 𝑖𝑛 
𝑛𝑒𝑡 ≤ 𝑇ℎ𝑝 (65) 

Where 𝑇ℎ𝑝 𝑐𝑜𝑛𝑑 𝑖𝑛 
𝑛𝑒𝑡  is usually identical to the main network return temperature 𝑇𝑟𝑒𝑡𝑢𝑟𝑛 

𝑛𝑒𝑡 . 

And the heat supply of the heat pump �̇�ℎ𝑝 shall be obtained by iterative calculation. 

After setting the operating temperature and mass flow parameters, the appropriate 

refrigerant can be selected based on the chemical and physical properties, safety risks, and 

environmental factors, as described in Section 2.3.1.  

With these steps completed, the heat pump model can be initialized. Subsequently, the 

required electricity demand 𝑃ℎ𝑝,𝑒𝑙 and heat output �̇�ℎ𝑝 of the heat pump can be calculated 

based on the thermodynamic cycle. 

4.2.2 Integration procedure of cogeneration units 

After initializing the heat pump model and determining the power demand, a cogeneration 

unit can be integrated into the system. This could either be a Rankine Cycle-based 

cogeneration unit integrated into the boiler furnace or a gasification cogeneration (GCHP) 

unit integrated independently into the system. An overview of the integration procedure of 
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various cogeneration units are represented in Figure 27, using the flue gas-side concept as 

examples. 

In scenarios where a SRC or an ORC unit is to be integrated, the heat source of the cycle 

shall be covered by the boiler furnace, which leads to an additional heat flow �̇�𝑡𝑜 𝑐ℎ𝑝 (�̇�𝑡𝑜 𝑠𝑟𝑐 

or �̇�𝑡𝑜 𝑜𝑖𝑙 ℎ𝑒𝑥) out of boiler model. In this case, the furnace total performance will be the 

summary of the boiler output and the heat flow to the congenator. The required heat flow 

can be calculated by initializing the cogeneration models. 

To initialize the Rankine Cycle model, the maximal allowed evaporating temperature 

𝑇𝑒,𝑚𝑎𝑥 and pressure 𝑝𝑒,𝑚𝑎𝑥, as well as the cycle working fluid 𝑤𝑓, shall be specified as input. 

These inputs determine the evaporating temperature and pressure of the cycle. The 

condensing temperature is defined by the network temperatures, i.e. the sink temperature. 

By determining the operation temperature and working fluid, the thermodynamic cycle can 

be initialized, and the electrical and thermal efficiencies calculated. Then, based on the 

simulated power demand of the heat pump 𝑃ℎ𝑝,𝑒𝑙, the required heat demand from the boiler 

�̇�𝑡𝑜 𝑐ℎ𝑝 and the heat supply for the network �̇�𝑐ℎ𝑝 (�̇�𝑠𝑟𝑐 or �̇�𝑜𝑟𝑐) can be solved. For the ORC 

unit, the heat loss of the oil heat exchanger should also be considered. 

It should be noted that small-scale SRC unit and ORC unit usually have lower electrical 

efficiency at a higher condensing temperature up to 90 °C. To cover the heat pump power 

demand, increased furnace heating performance is required. However, this leads to a larger 

flue gas volume, and therefore more waste heat, as well as a higher power demand for its 

heat recovery by the heat pump. It's possible that the electricity generated by the CHP unit 

may not cover the increased electricity demand for waste heat recovery. The minimal 

possible electrical efficiency of the SRC and ORC unit can be defined as follows: 

𝜂𝑒𝑙,𝑚𝑖𝑛 = 𝜉/(𝐶𝑂𝑃 − 1) (66) 

Where 𝜉 is the ratio of heat performance of the flue gas condenser �̇�𝑐𝑜𝑛𝑑 to the furnace 

heat performance �̇�𝑓𝑢𝑟𝑛𝑎𝑐𝑒, which can be calculated by simulation. This value is considered 

constant when the fuel data and operating parameters of the boiler and flue gas condenser 

remain unchanged. The derivation of this formula is detailed in Appendix D. When the cycle 

electrical efficiency falls below this limit, the integration of the cogeneration unit is deemed 

unsuitable for powering the heat pump.  
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In scenarios, where a GCHP unit is to be integrated, additional fuel is required. To 

initialize the GCHP model, fuel data (such as fuel type (e.g. pellet) and fuel element 

composition 𝑥𝑖
𝑔𝑐ℎ𝑝

, fuel heating value 𝐻𝑓,𝑔𝑐ℎ𝑝) and the technical specifications (such as 

combustion air ratio 𝜆, minimal and maximal modulation 𝓏𝑚𝑖𝑛, 𝓏𝑚𝑎𝑥) for it should be set 

up, analogous to the boiler model. Using the simulated power demand of the heat pump 

𝑃ℎ𝑝,𝑒𝑙 , the required electricity production 𝑃𝑒𝑙,𝑔𝑐ℎ𝑝  can be quantified. Then, the empirical 

electrical efficiency 𝜂𝑒𝑙(𝑃𝑒𝑙,𝑛, 𝓏), thermal efficiency 𝜂𝑡ℎ(𝑃𝑒𝑙,𝑛, 𝓏, 𝑇𝑟𝑒𝑡𝑢𝑟𝑛
𝑛𝑒𝑡 , 𝑇𝑠𝑢𝑝𝑝𝑙𝑦

𝑛𝑒𝑡 ), thermal 

output �̇�𝑡ℎ,𝑔𝑐ℎ𝑝 and the fuel demand �̇� 𝑓,𝑔𝑐ℎ𝑝 of the GCHP unit can be determined. 
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Figure 27: Flow chart of the integration processes of various cogeneration units. 
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4.2.3 Solving energy system 

Once the main components are integrated and the selected system configuration is 

initialized, the next step involves determining the energy flows and sizes of the components. 

This is achieved by solving energy balance equations based on the network demand. 

In the flue gas-side concept, the total heat demand of the heat network will be supplied by 

the biomass boiler �̇�𝑏𝑖𝑜 𝑏𝑜𝑖, the economizer �̇�𝑒𝑐𝑜, the heat pump �̇�ℎ𝑝, the CHP unit �̇�𝑐ℎ𝑝 and 

possibly an additional peak load boiler �̇�𝑝𝑙 𝑏𝑜𝑖, which can be expressed as: 

�̇�𝑑𝑒𝑚𝑎𝑛𝑑 =  ∑ �̇�𝑖

𝑖∈{𝑏𝑖𝑜 𝑏𝑜𝑖,𝑒𝑐𝑜,ℎ𝑝,𝑐ℎ𝑝,𝑝𝑙 𝑏𝑜𝑖}

 (67) 

In the network-side concept, the heat flows will include heat input from the boiler, the 

economizer and the heat pump, as well as the heat input from the flue gas condenser �̇�𝑐𝑜𝑛𝑑 

and the heat extraction from the network �̇�𝑡𝑜 ℎ𝑝 𝑒𝑣𝑎𝑝
𝑛𝑒𝑡  by the heat pump evaporator. 

�̇�𝑑𝑒𝑚𝑎𝑛𝑑 =  ∑ �̇�𝑖

𝑖∈{𝑏𝑖𝑜 𝑏𝑜𝑖,𝑒𝑐𝑜,𝑐𝑜𝑛𝑑,ℎ𝑝,𝑐ℎ𝑝,𝑝𝑙 𝑏𝑜𝑖}

− �̇�𝑡𝑜 ℎ𝑝 𝑒𝑣𝑎𝑝
𝑛𝑒𝑡  (68) 

The nominal capacity of the various components corresponds to the maximum required 

performance of the individual components: 

𝑄𝑛.𝑖 = 𝑓𝑠𝑖𝑧𝑒 ∗ 𝑚𝑎𝑥
𝑡∈𝑆𝑡

{�̇�𝑖,𝑡} ∀ 𝑖 ∈ {𝑏𝑖𝑜 𝑏𝑜𝑖, 𝑒𝑐𝑜, 𝑐𝑜𝑛𝑑, ℎ𝑝, 𝑐ℎ𝑝, 𝑝𝑙 𝑏𝑜𝑖} (69) 

where 𝑆𝑡 denotes the set of time series over a year, and 𝑓𝑠𝑖𝑧𝑒 is the size factor in the actual 

design, which is usually equal to or greater than 1 to ensure that the maximum output can be 

guaranteed. 

4.3 Evaluation indicators 

For evaluating the different systems, some key performance indicators (KPIs) are defined 

in this section. The analysis is conducted from three perspectives: energetical, economical 

as well as environmental. These KPIs will provide a comprehensive assessment of each 

system's performance, encompassing efficiency, cost-effectiveness, and environmental 

impact. 

4.3.1 Technical indicator 
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To describe the overall energy performance of a system with different types of energy 

inputs, the indicator “figure of merit” was suggested by Rosen et al. [175] and Wirtz et al. 

[176] for indicating the overall efficiency of an integrated system. This is determined by the 

ratio of annual total energy supply and the sum of energy inputs into the system. For the 

systems studied, it can be defined in a uniform form as: 

𝑓𝑙ℎ𝑣,𝑠𝑦𝑠 =
∫(�̇�𝑑𝑒𝑚𝑎𝑛𝑑 + 𝑃𝑠𝑢𝑟𝑝𝑙𝑢𝑠)𝑑𝑡

∫(∑ �̇�𝑓,𝑖 ∗ 𝐻𝑓,𝑖𝑖∈{𝑏𝑖𝑜 𝑏𝑜𝑖,𝑔𝑐ℎ𝑝,𝑝𝑙 𝑏𝑜𝑖} + 𝑃𝑒𝑙 𝑓𝑟𝑜𝑚 𝑔𝑟𝑖𝑑)𝑑𝑡
(70) 

The integrals are calculated numerically over a yearly time period, where 𝑑𝑡 denotes the 

time interval of the demand time series. The total energy produced primarily satisfies the 

heat demand of the network �̇�𝑑𝑒𝑚𝑎𝑛𝑑. In case where surplus electricity 𝑃𝑠𝑢𝑟𝑝𝑙𝑢𝑠 is generated 

and fed into the power grid, it should also be considered. Otherwise, this value is zero. The 

energy input includes the fuel energy consumption of the biomass boiler, peak load boiler, 

and possibly the GCHP unit (based on the lower heating value (lhv) ). Additionally, auxiliary 

electricity 𝑃𝑒𝑙 𝑓𝑟𝑜𝑚 𝑔𝑟𝑖𝑑  from power grid is required to drive the heat pump,if no 

cogeneration is installed or its operation is limited. 

The exergy efficiency of the system, considering the quality of energy expenditures, can 

be expressed as:  

𝑓𝑒𝑥,𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =
∫(∑ �̇�𝑐 (1 −

𝑇0
𝑇𝑐,𝑠𝑢𝑝𝑝𝑙𝑦

)𝑐∈{𝑏𝑖𝑜 𝑏𝑜𝑖,ℎ𝑝,ℎ𝑒𝑥𝑠,𝑐ℎ𝑝,𝑝𝑙 𝑏𝑜𝑖} + 𝑃𝑠𝑢𝑟𝑝𝑙𝑢𝑠)𝑑𝑡

∫(∑ 𝛽𝑓,𝑖 ∗ �̇�𝑓,𝑖𝑖∈{𝑏𝑖𝑜 𝑏𝑜𝑖,𝑔𝑐ℎ𝑝,𝑝𝑙 𝑏𝑜𝑖} ∗ 𝐻𝑓,𝑖 + 𝑃𝑒𝑙 𝑓𝑟𝑜𝑚 𝑔𝑟𝑖𝑑)𝑑𝑡
(71) 

where the 𝑇0 and 𝑇𝑐,𝑠𝑢𝑝ply represent the ambient temperature and the supply temperature of 

the component c at a specific time slot. The 𝛽𝑓 defines the “merit of the fuel” [177], which 

describes the quality of the fuel for exergy analysis. For wood, this value is estimated to be 

about 1.15 in [177]. 

4.3.2 Economic indicator 

The levelized cost of heating production (LCOE) of the entire system is chosen as the 

criterion to evaluate the economic feasibility of the concepts. This criterion indicates the 

normalization of the annualized cost to the total annual supply 𝐸𝑠𝑢𝑝𝑝𝑙𝑦
𝑦𝑒𝑎𝑟

 and can be expressed 

as: 
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𝑙𝑐𝑜𝑒 =
𝑇𝐴𝐶𝑦𝑒𝑎𝑟

𝐸𝑠𝑢𝑝𝑝𝑙𝑦
𝑦𝑒𝑎𝑟 =

𝐶𝐴𝑃𝐸𝑋𝑦𝑒𝑎𝑟 + 𝑂𝑃𝐸𝑋𝑦𝑒𝑎𝑟

∫(�̇�𝑑𝑒𝑚𝑎𝑛𝑑 + 𝑃𝑠𝑢𝑟𝑝𝑙𝑢𝑠)𝑑𝑡
 (72) 

Where 𝑇𝐴𝐶𝑦𝑒𝑎𝑟  represents the total annualized cost of the system, which consist of the 

annualized capital cost 𝐶𝐴𝑃𝐸𝑋𝑦𝑒𝑎𝑟 and the annual operating cost 𝑂𝑃𝐸𝑋𝑦𝑒𝑎𝑟. These values 

are determined using the annuity method, considering the net present value following the 

German guideline VDI 2067 [178]. A higher LCOE indicates greater payout and a 

correspondingly poor economic feasibility of the entire integrated system. 

The annualized capital cost 𝐶𝐴𝑃𝐸𝑋𝑦𝑒𝑎𝑟 denotes the annualized costs of the system over 

its entire service life. The value is obtained from the initial investment 𝐼𝑐 for each component 

𝑐 with the respective annualization factor 𝑎𝑖𝑛𝑣,𝑐 according to the VDI 2067: 

𝐶𝐴𝑃𝐸𝑋𝑦𝑒𝑎𝑟 = ∑ 𝐼𝑐

𝑐 ∈{𝑏𝑖𝑜 𝑏𝑜𝑖,𝑎𝑝,𝑒𝑐𝑜,𝑐𝑜𝑛𝑑,ℎ𝑝,𝑔𝑐ℎ𝑝,𝑝𝑙 𝑏𝑜𝑖}

∗ 𝑎𝑖𝑛𝑣,𝑐 (73) 

The investment costs for the main components in the heating plant can be represented as 

functions in the model. These costs, including those for a biomass boiler (comprising the 

furnace, boiler, pumps, electrics, etc.), air preheating, economizer, and flue gas 

condensation, are estimated using the WDesign database [51], under consideration of the 

Chemical Engineering’s Plant Cost Index (CEPCI) [179] change from 2004 to 2021. For 

estimating the costs of industrial heat pumps for flue gas heat recovery, the research by 

Pieper et al. [27] is adopted. To account for the installation costs, an installation factor of 1.3 

is also applied to all components. These default cost functions are listed in Table 20 in 

Appendix E. 

The annual operating cost consists of the fixed operating cost 𝑂𝑃𝐸𝑋𝑓𝑖𝑥
𝑦𝑒𝑎𝑟

and variable 

operating cost 𝑂𝑃𝐸𝑋𝑣𝑎𝑟
𝑦𝑒𝑎𝑟

: 

𝑂𝑃𝐸𝑋𝑦𝑒𝑎𝑟 = 𝑂𝑃𝐸𝑋𝑓𝑖𝑥
𝑦𝑒𝑎𝑟

+ 𝑂𝑃𝐸𝑋𝑣𝑎𝑟
𝑦𝑒𝑎𝑟

 (74) 

Where the fixed operating cost  𝑂𝑃𝐸𝑋𝑓𝑖𝑥
𝑦𝑒𝑎𝑟

 comes from the annual expense for 

maintenance, staff, emission control, etc., which can be estimated by a fixed factor 𝑓𝑜&𝑚 

related to the investments: 

𝑂𝑃𝐸𝑋𝑓𝑖𝑥
𝑦𝑒𝑎𝑟

=  ∑ 𝐼𝑐

 𝑐 ∈{𝑏𝑖𝑜 𝑏𝑜𝑖,𝑎𝑝,𝑒𝑐𝑜,𝑐𝑜𝑛𝑑,ℎ𝑝,𝑔𝑐ℎ𝑝,𝑝𝑙 𝑏𝑜𝑖} 

⋅ 𝑓𝑜&𝑚,𝑐 (75) 
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The default values of 𝑓𝑜&𝑚 can also be found in Table 20 in Appendix E.  

The 𝑂𝑃𝐸𝑋𝑣𝑎𝑟
𝑦𝑒𝑎𝑟

 consist of the performance-related costs, such as fuel costs for the 

biomass boiler and the GCHP unit, electricity costs from the grid, and costs for ash disposal 

and cleaning: 

𝑂𝑃𝐸𝑋𝑣𝑎𝑟
𝑦𝑒𝑎𝑟

=  ∫( ∑ 𝒸𝑓,𝑖 ⋅ �̇�𝑓,𝑖𝐻𝑓,𝑖

𝑖=𝑏𝑖𝑜 𝑏𝑜𝑖,𝑔𝑐ℎ𝑝,𝑝𝑙 𝑏𝑜𝑖

+ 𝒸𝑒𝑙 ⋅ 𝑃𝑒𝑙,𝑓𝑟𝑜𝑚 𝑔𝑟𝑖𝑑 + 𝒸𝑎𝑠ℎ & 𝑐𝑙𝑒𝑎𝑛𝑖𝑛𝑔 ⋅ ∑ �̇�𝑖

𝑖=𝑏𝑖𝑜 𝑏𝑜𝑖,𝑔𝑐ℎ𝑝

)𝑑𝑡  (76) 

where 𝒸𝑓,𝑖 , 𝒸𝑒𝑙, 𝒸𝑎𝑠ℎ & 𝑐𝑙𝑒𝑎𝑛𝑖𝑛𝑔  represent the energy specific costs of fuel, electricity, ash 

disposal and cleaning, respectively. The default values of which are also listed in Table 21 

in Appendix E. 

4.3.3 Environmental indicators 

In the various systems considered, different forms of energy are consumed, which can 

significantly influence the environmental impact of these concepts. The following equations 

are applied to evaluate how the equivalent primary energy demand and CO2 emissions 

change with the implementation of the concepts:  

ℯ𝐶𝑂2,𝑠𝑦𝑠 =
∫(∑ �̇�𝑓,𝑖 ∗ 𝐻𝑓,𝑖 ∗ 𝑓𝐶𝑂2𝑓,𝑖𝑖=𝑏𝑖𝑜 𝑏𝑜𝑖,𝑔𝑐ℎ𝑝,𝑝𝑙 𝑏𝑜𝑖 + 𝑃𝑒𝑙 𝑓𝑟𝑜𝑚 𝑔𝑟𝑖𝑑 ∗ 𝑓𝐶𝑂2𝑒𝑙

)𝑑𝑡

∫(�̇�𝑑𝑒𝑚𝑎𝑛𝑑 + 𝑃𝑠𝑢𝑟𝑝𝑙𝑢𝑠)𝑑𝑡
(77) 

 

ℯ𝑃𝐸,𝑠𝑦𝑠 =
∫(∑ �̇�𝑓,𝑖 ∗ 𝐻𝑓,𝑖 ∗ 𝑓𝑃𝐸𝑓,𝑖𝑖=𝑏𝑖𝑜 𝑏𝑜𝑖,𝑔𝑐ℎ𝑝,𝑝𝑙 𝑏𝑜𝑖 + 𝑃𝑒𝑙 𝑓𝑟𝑜𝑚 𝑔𝑟𝑖𝑑 ∗ 𝑓𝑃𝐸𝑒𝑙

)𝑑𝑡

∫(�̇�𝑑𝑒𝑚𝑎𝑛𝑑 + 𝑃𝑠𝑢𝑟𝑝𝑙𝑢𝑠)𝑑𝑡
(78) 

 

Where, the ℯ𝐶𝑂2 and ℯ𝑃𝐸 represent the specific CO2 emissions and specific primary energy 

demand of the system based on per unit of energy supply, respectively. And 𝑓𝐶𝑂2𝑖,𝑓
 denotes 

the CO2 emission factors for different fuels used and 𝑓𝐶𝑂2𝑒𝑙
 represents the CO2 emission 

factor for electricity from the public power grid. The CO2 emission factors reported by the 

Federal Environment Agency in 2020 [180] are used as the default reference values for 

Germany (detailed in Table 22 in the Appendix E). 
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5. Development of the optimization framework  

In general, selecting of the appropriate concept and planning a biomass energy system 

with the integration of multiple devices is a complex process. To ensure diligent selection of 

the proposed concepts and to maximize the benefits of the selected system, developing an 

optimization approach at the system level is necessary. This approach should simultaneously 

consider the technical, economic, and environmental impacts as well as the interactions 

between the system components. Furthermore, the various connection variants of the heat 

pump and its parameter selection make the optimization approach a feasible and 

recommended solution for achieving the optimal design of the entire system.  

This chapter presents the optimization framework, which aims to find the best 

combination of the variable decision variables to simultaneously minimize the levelized cost 

of energy production and specific CO2 emission, while still improving system efficiency.  

5.1 Selection of optimization approach 

Generally, there are two ways to formulate an optimization problem [181]. The first is to 

express the optimization objective and boundary conditions in a linear or non-linear manner, 

usually depending on the level of refinement of the modelling. This approach is recognized 

as mixed-integer programming (MIP). Where mixed integer linear programming (MILP) is 

known as state-of-the-art for energy system optimization. This approach is attractive when 

a problem can be linearly described, requiring a trade-off between the level of detail and 

computational time [182]. The formulated optimization problem can be then solved using 

solvers, such as cbc, glpk, cplex or gurobi [183,184]. However, if complex non-linear 

constraints are unavoidable in the formulation, the problem becomes a mixed-integer non-

linear problem (MINLP), posing challenging due to its high complexity [185].  

Alternatively, the second approach involves conducting optimization based on a complex 

simulation model that relies on exact formulas for each component, generally yielding more 

accurate results [186]. This simulation-based optimization approach decouples the 

modelling task from the optimization task [187]. Therefore, this approach is widely 

employed in commercial software (e.g., Aspen-HYSYS, TRNSYS) coupled with 

optimization algorithms. Optimization of this approach is typically performed by heuristic 

algorithms, which are derivative-free and suitable for highly complex non-linear models 
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[188]. Among these algorithms, the genetic algorithm is a well-known technique inspired by 

the biological evolution process [189]. Since it uses evaluation functions to quickly search 

for different combinations of input variables, rather than by derivation [190], facilitating its 

coupling with various nonlinear complex models. 

For the concepts studied in this thesis, complex thermodynamic processes, such as 

combustion, gas cooling and heat pump cycles, need to be considered to explore the potential 

for heat recovery. The design of such heat pump integrated biomass heating systems is 

complex and nonlinear due to the thermodynamic processes and interconnections of 

components. Given these complexities, the simulation-optimization approach emerges as the 

more suitable approach for addressing the optimization problem in this work. 

Accordingly, the simulation-based optimization approach is employed in this thesis to 

assist in selecting an appropriate concept and optimizing the parameter selection of the 

system. To this end, the proposed simulation model for the integration of HP and CHP into 

biomass heating networks from Chapter 4 is utilized, which considers thermodynamic 

processes and interactions between system components. This simulation model will be 

combined with an independent genetic optimization algorithm. By identifying the 

optimization objectives and the range of the decision variables to be optimized, a multi-

objective optimization of the system can be performed to find the most optimal system 

design. 

In the present context, the optimization objectives are identified as techno-economic or 

environmental indicators. The decision variables are the selectable integer and continuous 

design parameters of the system components, such as the operating air ratio of the boiler, the 

connection method of the heat pump, and the design parameters of its thermal cycle, as well 

as the refrigerant selection. The proposed framework can serve as a supportive decision-

making tool for evaluating the techno-economic and environmental potential of integrating 

heat pumps into biomass heating networks, and for optimizing the parameter design of 

different system components. The following section introduces the workflow of the 

framework and the mathematical formulation of the optimization problem. 
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5.2 Overview of the optimization framework 

Figure 28 shows the workflow of the optimization framework, which is coupled with the 

proposed simulation model. 

 

Figure 28: Working flow of the simulation-optimization framework. 

The optimization framework starts with the initialization of the main components and the 

simulation template. Within this framework, the input parameters of the simulation model 

are categorized into two groups: initialization parameters and decision variables. 

Initialization parameters are essential data required to optimize the assignment of 

values to decision variables. These parameters are declared before the optimization process 

to initialize the components. They are typically predetermined by factors such as customer 

requirements, technical limitations, environmental factors, and economic conditions. In this 
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work, the required initialization parameters include the technical requirements of network 

and predefined parameters for system component design, fuel characteristics, air temperature 

and humidity, and the economic and environmental parameters. Initializing these parameters 

enables the generation of the simulation template. 

Decision variables, in contrast, are parameters whose final values should be obtained 

through optimization. In this work, the decision variables that can be chosen by designers 

include the air ratio of the biomass boiler 𝜆, the connection variant of the heat pump 𝓋, the 

target exhaust gas temperature 𝑇𝑒𝑥 , the heat pump supply temperature 𝑇ℎ𝑝 , the selected 

refrigerant of the heat pump 𝑟𝑒𝑓., and the integer decision variable 𝒷 to indicate whether 

and what type of CHP unit is integrated for self-power supply. These variables are subject 

to boundary conditions and must to be declared prior to optimization. The final goal of the 

optimization is to obtain the optimal combination of these variables, which provide decision 

support for the final design of the integrated system. Each combination of decision variables 

constitutes a scenario. 

An overview of the required initialization parameters and the decision variables can be 

found in Table 7. 

Table 7: Overview of the required initialization parameters and decision variables for the 

optimization. 

Initialization 

parameters 

 

Technical requirements of network �̇�𝑑𝑒𝑚𝑎𝑛𝑑
𝑡 ,𝑇𝑟𝑒𝑡𝑢𝑟𝑛, 𝑇𝑓𝑒𝑒𝑑 

Fuel characteristics fuel type, ∑ 𝑥𝑖, 𝑤, 𝐻𝑓 

Predefined parameters for system 

component design 

𝑇𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛, 

𝑇𝑎𝑠ℎ, 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒, 𝓏𝑚𝑖𝑛, 𝓏𝑚𝑎𝑥, 

𝑇𝑖𝑛
ℎ𝑒𝑥,  𝑇𝑜𝑢𝑡

ℎ𝑒𝑥, 𝜉ℎ𝑒𝑥, 𝜉𝑔𝑎𝑠𝑖𝑓𝑖𝑒𝑟 FUH, 

etc. 

Air temperature and humidity 𝑇𝑎𝑖𝑟
𝑡 , 𝑑𝑎𝑖𝑟

𝑡  

Economic parameters 𝐼𝑐, 𝑓𝑜&𝑚,𝑐, 𝒸𝑖,𝑓𝑢𝑒𝑙, 𝒸𝑒𝑙, 

𝒸𝑎𝑠ℎ 𝑑𝑖𝑝𝑜𝑠𝑎𝑙, 𝒸𝑐𝑙𝑒𝑎𝑛𝑖𝑛𝑔 

Environmental parameters 𝑓𝐶𝑂2𝑖,𝑓𝑢𝑒𝑙
, 𝑓𝐶𝑂2𝑒𝑙

, 𝑓𝑝𝑒𝑖,𝑓𝑢𝑒𝑙
, 𝑓𝑝𝑒𝑒𝑙

 

Decision variables 𝓋, 𝒷, 𝜆, 𝑇𝑒𝑥, 𝑇ℎ𝑝, 𝑟𝑒𝑓. 
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Following the initialization process, the optimization objectives, the run mode of the 

optimization procedure, and the constraints of the decision variables should be declared 

according to the mathematical formulation outlined in Section 5.2.1. The optimization 

procedure can be executed in multithreading mode to leverage the computing power of 

multiple cores and expedite the optimization process. 

To commence the optimization procedure, a predetermined number of scenarios should 

be initialized based on the boundaries of the decision variables. These scenarios comprise 

the initial population of the genetic algorithm. The simulation model of the system will be 

invoked based on these defined scenarios and the initialized components. Subsequently, the 

required energy performances and the necessary size of various components will be 

computed based on the simulation model. Based on the technical results, various evaluation 

indicators can be determined and given as fitness evaluation criteria for the genetic 

algorithm. Depending on the evaluation results, the genetic algorithm will generate new 

scenarios with higher fitness. These newly generated scenarios will serve as new population 

as input for the next iteration. This process will continue until the termination condition is 

met, such as reaching the maximum number of evolutionary generations. At the end of the 

optimization, the set of Pareto optimal solutions will be obtained, and the corresponding 

optimal solutions will be output. 

5.2.1 Mathematical formulation 

The general mathematical formulation of this optimization problem is proposed as follows: 

𝑚𝑖𝑛
�⃗�

{𝑓1(�⃗�), 𝑓2(�⃗�)} 

𝑠. 𝑡.  𝑔(�⃗�) = 0 

�⃗� =  𝑣𝑒𝑐𝑡𝑜𝑟(𝓋, 𝒷, 𝜆, 𝑇𝑒𝑥, 𝑇ℎ𝑝, 𝑟𝑒𝑓. ) 

𝑥𝑖 ∈ [𝑙𝑏𝑖, 𝑢𝑏𝑖] | ∀  𝑥𝑖 ∈ {𝜆, 𝑇𝑒𝑥, 𝑇ℎ𝑝} 

𝓋 ∈ {0, 1} 

𝒷 ∈ {0, 1, … , 𝑛} 

𝑟𝑒𝑓. ∈ {0, 1, … , 𝑚} (79) 
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Where 𝑓1(�⃗�) and 𝑓2(𝓍) are objective functions, representing the evaluation indicators of the 

systems. For example, these two objective functions can be chosen as the economic indicator 

𝑙𝑐𝑜𝑒 and the environmental indicator 𝑒𝐶𝑂2, respectively. And �⃗� indicates the vector of the 

decision variables 𝑣𝑒𝑐𝑡𝑜𝑟(𝓋, 𝒷, 𝜆, 𝑇𝑒𝑥, 𝑇ℎ𝑝, 𝑟𝑒𝑓. )  of the optimization problem, i.e., the 

scenario. Among them, 𝓋 is a binary variable representing the connection variant of the heat 

pump. The other variables, such as air ratio 𝜆, the target exhaust gas temperature 𝒯𝑒𝑥 and the 

heat pump supply temperature 𝒯ℎ𝑝 are the continuous variables that can vary between their 

respective lower boundary 𝑙𝑏  and upper boundary 𝑢𝑏 . And the variable 𝑟𝑒𝑓.  and 𝒷  are 

integer variables, representing the choice among the 𝑚 optional refrigerants and the type of 

CHP unit to be installed, respectively. The equivalence constraint 𝑔(�⃗�) = 0 represents the 

mass and energy balance constraints for the entire system, implemented by the entire 

simulation model presented in Section 4.2. This constraint declares the system's technical 

requirements and ensures that the demand of the network is met.  

In multi-objective optimization (MOO) problems, finding a single solution that optimizes 

each objective simultaneously can be challenging due to potential conflicts between 

economic and environmental objectives. To solve this problem, the weighted sum method 

[191,192] is applied, which yields a set of optimal points as Pareto solutions. The Pareto 

solutions reflect a balance between the optimum of the two objectives, i.e., the trade-off 

between economics and environmental impact. Using the weighted sum method, the 

objective can be reformulated as a composite objective function: 

min
𝑥

𝑤𝑠 =  ∑ α𝑖𝑓�̂�(�⃗�)

𝑖=1,2

 

∑ α𝑖

𝑖=1,2

= 1  α𝑖 ≥ 0 (80) 

where α𝑖 is the non-negative scalar weight of each single objective function, with the sum 

of all weights equaling to 1. Here the 𝑓�̂�(�⃗�) represents the normalized objective, which is 

defined as: 

𝑓�̂�(�⃗�) =  
𝑓𝑖(�⃗�) − 𝑓𝑖

𝑢𝑡

𝑓𝑖
𝑛𝑎 − 𝑓𝑖

𝑢𝑡  ∀ 𝑖 = 1, 2 (81) 

where 𝑓𝑖
𝑢𝑡and 𝑓𝑖

𝑛𝑎 represent the utopia points and pseudo nadir points of the 𝑖 corresponded 

𝑓𝑖(�⃗�).  
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A utopia point is a point in the objective space where the objective function reaches its 

optimal value, which represents the approximate minimum value of the corresponding 

indicator. And a pseudo-nadir point is a point in the space of the objective where it reaches 

its pseudo-worst value, which is the approximate maximum value of the indicator [193]. 

These points are employed as anchor points [194] for the normalization. In this study, these 

anchor points are defined as the extreme points when α𝑖 = 1, which corresponds to the 

individual minimum of each objective 𝑓𝑖(�⃗�). The determination of these points and the 

implementation of the genetic algorithm is explained in Section 5.2.2.  

5.2.2 Optimization procedure 

Figure 29 illustrates the detailed procedure of the optimization framework, utilizing a 

genetic algorithm (GA). The objective of the optimization is to identify a Pareto-optimal 

solution set, representing a balance between the various objectives, such as economic 

efficiency and environmental sustainability.  

To solve the optimization problem, the first step is to calculate the anchor points by solving 

the optimization of each single objective. At the start, with α1 = 1, the framework calculates 

the utopia points for the first objective function 𝑓1(�⃗�), typically associated with economic 

performance, identifying the minimum attainable values for this objective. Simultaneously, 

the nadir points of the second objective function 𝑓2(�⃗�) are determined, which represents the 

maximum values. The framework then switches α1 = 0 to compute the reverse, obtaining 

the utopia points for 𝑓2(�⃗�) and the nadir points for 𝑓1(�⃗�). These calculations establish the 

anchor points, which define the extremities of each objective’s feasible range. 

Once the anchor points are established, the algorithm proceeds to normalize the objective 

functions using the formulation described in Eq. (81). This normalization ensures that the 

objectives are dimensionally consistent and can be compared directly, which is crucial for 

multi-objective optimization. By varying weighting factor α1 in steps of a certain magnitude 

(e.g. 0.1) within the range 0 to 1, a set of the Pareto solutions, the non-dominated solutions 

that represent the best trade-offs between conflicting objectives, can be computed.  

The optimization procedure with a specific α1 can be summarized as follows: 

1. Initialization scenarios 
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The optimization with a specific α1 starts with generating n scenarios that consists of the 

decision variables as the initial population. In genetic algorithms, the decision variables of 

the optimization problem are encoded as "genes," and each individual in the population is 

represented as a "chromosome", i.e., vector of genes. And each chromosome is treated as a 

scenario — a vector of decision variables that lies within the constraints of the problem, 

which represents a possible system design. 

2. Simulation 

Once the scenarios are initialized, the framework simulates each scenario by calling an 

underlying model that calculates the values of the objective functions for each decision 

variable. In this multi-objective optimization problem, this often involves evaluating 

performance across different criteria, such as levelized cost, environmental impact, or energy 

efficiency. 

3. Fitness Evaluation 

After simulation, the algorithm calculates the "fitness" of each scenario by assessing how 

well it performs with respect to the normalized objective functions 𝑓�̂�(�⃗�) . The fitness 

function is crucial, as it determines which scenarios are likely to be passed on to the next 

generation. 

4. Evolutionary Process 

The core of the genetic algorithm lies in its evolutionary process, which iteratively refines 

the population of scenarios through selection, crossover, and mutation. These operations are 

designed to emulate natural selection, enabling the algorithm to evolve higher-quality 

solutions over successive generations. This process is conducted by a python package scikit-

opt [195].  

a. Ranking: The fitness values of all scenarios are ranked. Solutions that perform better, 

i.e., have a higher fitness score, are given higher rankings. This ranking determines which 

scenarios are more likely to be selected as "parents" for the next generation. 

b. Selection: The selection process chooses a subset of scenarios from the population based 

on their rankings. Various selection strategies can be applied, such as roulette-wheel 

selection, tournament selection, or rank-based selection. The rank-based selection is applied 
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in this framework. Scenarios with better fitness scores have a higher probability of being 

selected as parents.  

c. Crossover: Once the parent scenarios are selected, the algorithm performs crossover, 

combining the genes (decision variables) from two or more parent chromosomes to create 

new "child" scenarios. This process simulates reproduction in nature, where offspring inherit 

traits from both parents. Crossover can occur in several forms, such as single-point 

crossover, multi-point crossover, or uniform crossover. 

d. Mutation: After crossover, the newly generated child scenarios undergo mutation. 

Mutation introduces random changes to the genes (decision variables) of the children with a 

certain probability. This ensures genetic diversity in the population and prevents the 

algorithm from becoming stuck in local optima. Mutation can involve altering individual 

decision variables by a small random value or swapping gene positions. 

5. Test for Convergence 

After the evolutionary steps, the algorithm checks whether the stopping criterion is met. 

The stopping criterion could be based on various factors, such as the number of iterations, 

the rate of improvement of the best scenario. 

If the stop criterion is met: The algorithm terminates and returns the best solution(s) found, 

along with the corresponding decision variables. The final Pareto-optimal solutions are 

plotted, allowing the decision-maker to visualize the trade-offs between the objectives. 

If the stop criterion is not met: The algorithm generates a new population by replacing the 

parent chromosomes with the newly generated children. The process then loops back to the 

Step 2 to conduct new simulations, where the new population is evaluated, and the cycle 

continues. 

6. Store Pareto Point 

Throughout the optimization process, the algorithm stores the Pareto solutions. Each α1 

produces a Pareto point, which is stored. By varying the value of α1, a set of Pareto points 

are generated. These Pareto points form the "Pareto front", which visualizes the set of 

optimal solutions where no single objective can be improved without worsening another. 
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Figure 29: Flowsheet of the optimization algorithm. 
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6. Description and Analysis of selected heating networks 

For the verification of the proposed method in this thesis and the evaluation of the various 

concepts of heat pump integration, three biomass heating networks (BHNs) were selected 

for investigation.  

Two of these networks are anonymized biomass heating networks in Austria, both 

equipped with heat pumps using different connection variants. The first network represents 

a typical biomass heating system with a flue gas-side integrated heat pump (e.g., the flue 

gas-side HP-integrated system), while the second represents a typical biomass heating 

system with a network-side integrated heat pump (e.g., the network-side HP-integrated 

system).  

In addition, a standard biomass heating network located in Germany, without flue gas 

condensation and heat pump, was selected as a focus to investigate the feasibility of different 

integration concepts in Germany. The selection of this network is particularly relevant due 

to its adverse experience with flue gas condensation prior to 2001, without the integration of 

heat pumps. Insights from this third network regarding potential issues associated with flue 

gas condensation provide valuable information on the risks and possible weaknesses of flue 

gas condensation technology. 

6.1 Technical information 

6.1.1 Description of the first biomass heating network 

The first BHN was commissioned in Austria in 2006 to provide heating for 300–320 

households. The biomass furnace has a nominal heat output of 4.5 MW. The biomass boiler 

nominal output at full load is 3730 kW. The nominal efficiency, as given in the 

manufacturer's documentation, is 87 % [196]. Besides the boiler, it is also equipped with an 

ECO tower, which has an air preheater and an economizer directly after the boiler. 

Additionally, there is a flue gas condensation unit integrated with a compression heat pump. 

The nominal technical data of this BHN are detailed in Table 8. The simplified hydraulic 

circuit of the network is shown in Figure 30. In addition to the biomass-fired equipment, 

there is an oil-fired boiler with a nominal thermal output of 6 MW, serving as a backup unit 

that operates during peak load, breakdowns and repairs phases. 
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Table 8: Technical data of the first biomass heating network. 

Parameter Value Unit 

firing system   

nominal thermal output furnace 4.50 MW 

nominal thermal output boiler 3.73 MW 

nominal efficiency 87.00 % 

max. fuel mass flow (w = 60 %) 2862 kg/h 

air preheater (before economizer)   

nominal thermal output AP 220 kW 

economizer   

nominal thermal output ECO 1 in the tower 624 kW 

flue gas condensation   

nominal thermal output ECO2 960 kW 

nominal thermal output condenser 500 kW 

heat pump   

nominal thermal output heat pump 761 kW 

nominal electrical demand heat pump 160 kW 

refrigerant R717  

 

At the plant side, the hot flue gas first flows through the biomass furnace and then into 

the boiler following combustion. There, the flue gas releases part of its thermal energy to the 

flow of the local heating network. The flue gas then flows into the tower, which consists of 

an air preheater, economizer, and a compressed air cleaning unit. After purification by the 

electrostatic precipitator, the flue gas enters the condensation unit, where the second 

economizer (ECO2) and the condenser are located. Quenching spray nozzles are positioned 

on both the incoming and outgoing sides. The accumulated quench and condensation water 

flows into the sump below the condenser, where it is separated into solid and liquid phases 

in a sedimentation tank. Before exiting the condenser unit, the flue gas is mixed with heated 

fresh air in the devaporization unit and then flows out of the stack. 

At the network side, the heat pump evaporator is connected to flue gas condenser bundle 

and is controlled by a pump and a mixing valve. The mains return temperature is first raised 

in ECO 2, then further increased by the heat pump condenser. The heat pump is followed by 

the mains boost pumps, which increase the flow through the ECO 1 and boiler heat 
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exchangers. The increased flow decreases the risk of deposits inside the heat exchangers and 

raises the return temperature. After passing through ECO 1, the mains water flow then enters 

the biomass furnace boiler. Upon exiting the boiler heat exchanger, the mains water flow 

reaches the feed temperature level. 
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Figure 30: Hydraulic circuit diagram of the first biomass heating network with flue gas-side 

integrated heat pump (own illustration). 

6.1.2 Description of the second biomass heating network 

The second network under investigation was established in Austria in 1996 for about 

500–550 customers [197]. Technical information regarding this network is available in 

Table 9. This network includes two biomass boilers, both fired by a mixture of wood chips 

and bark. Boiler 1, the larger of the two, is dedicated to wintertime use. Boiler 2, the smaller 

one, is combined with an integrated ORC for electricity production, which has a rated 

electrical output of 600 kWel and two integrated economizers. The electricity generated is 

exclusively fed into the power grid. In addition to the biomass boilers, there is an oil-fired 

boiler that serves as backup equipment or as a peak load device, to provide heat in case of 

malfunction in both biomass boilers. There are also three series-connected buffer storage 
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tanks, with a total water storage volume of 210 m3, which serve as buffering devices to 

balance fluctuations in heat network demand and cover peak loads. 

The heat pump, commissioned in 2012, consists of four refrigeration circuits with a total 

of eight compressors, with two modules connected in series per refrigeration circuit. The 

refrigerant used is R236fa and is assigned to safety group A1, indicating low toxicity and 

low flame spread [198]. 

Table 9: Technical data of the second biomass heating network. 

Parameter Value Unit 

biomass boiler 1     

nominal thermal output boiler 1 5000 kW 

ORC biomass boiler 2     

nominal thermal output boiler 2 3000 kW 

nominal electrical output boiler 2 600 kW 

Condensation plant     

nominal thermal output condenser 2000 kW 

heating surface  416 m2 

Heat pump     

nominal thermal output heat ump 1000 kW 

nominal electrical demand heat pump 177 kW 

refrigerant R236fa  

Figure 31 shows the schematic diagram of the second BHN. Biomass boiler 2, equipped 

with ORC unit, is utilized up to the maximum permissible electricity generation. The 

remaining heat load is covered by biomass boiler 1. Consequently, the utilization ratio of 

biomass boiler 1 was generally lower than that of biomass boiler 2. 

The flue gas from biomass furnace 1 passes through boiler 1 and is then cleaned in the 

multi-cyclone precipitator. The cyclone is followed by the induced draft fan. The flue gas 

from the first firing system is combined with the flue gas from the second firing system 

upstream of the electrostatic precipitator. The flue gas from biomass furnace 2 first passes 

through boiler 2 with integrated thermal oil economizer and hot water economizer. These 

economizer cools the flue gas to about 180 °C. In the thermal oil economizer, the thermal 

oil for heating ORC working fluid is preheated before it enters boiler. The hot water 

economizer directly heats the network. Both economizers can be separated from the flue gas 



6 Description and Analysis of selected heating networks 103 

path by the bypass. A detailed display of boiler 2 with an integrated ORC unit and 2 

economizers can be found in Appendix C.  

After the flue gas streams from the two biomass furnaces are combined, they enter the 

electrostatic precipitator, followed by the flue gas condensation with integrated air 

preheating. The air preheating is arranged in the flue gas flow direction after the 

condensation. Here, the preheated air serves as both primary and secondary air for 

combustion. After passing through the air preheater, the exhaust gases continue into the 

chimney. 
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Figure 31: Hydraulic circuit diagram of the second biomass heating network with network-side 

integrated heat pump (own illustration). 

The process of the network side starts with the mains return. This heating network has 

two different heating circuits: one with a high return temperature (HT-RF) and another with 

a low return temperature (LT-RF). A branch of the HT-RF leads to the heat pump evaporator, 

while another branch is pumped to the economizer bundle upstream the condenser bundle. 

The water from the evaporator is mixed with the NT-RF, also flows into the economizer 
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bundle. The combined flow from the economizer bundle then merges with the flows from 

the heat pump condenser and the booster pump. 

Subsequently, the network water flows into both boilers. After reaching the heating 

supply temperature, there is a branch to the buffer storage tanks. These tanks can be charged 

during periods of low demand or in preparation for large peak loads. Following this, the 

network water is pumped into the district heating network by the network pumps. 

6.1.3 Description of the third biomass heating network 

The third BHN was commissioned in 1996. This network experienced problems with flue 

gas condensation since its commissioning, primarily due to corrosion caused by inadequate 

heat engineering design. During the commissioning years, significant changes in heat 

demand were observed. Consequently, the boiler was operated at an average daily load of 

1.2 MWth in wintertime, despite having a nominal capacity of 3.0 MWth. In addition, the 

boiler output fluctuated strongly despite a buffer storage volume of 40 m3. As a result, the 

flue gas condenser, which was made of V4A (stainless steel) material, often had to be 

significantly down-regulated. During the low-load periods, malfunctions, and summer 

operation, the flue gas condensation was turned off. In consequence, corrosion on the heat 

exchanger bundles progressed rapidly. Within two years of commissioning, all heat 

exchanger bundles of the flue gas condenser had to be replaced due to rusting. Due to this 

reason, the flue gas condenser was dismantled in 2001. Besides, as the load in summer was 

too low for the operation of boiler 1, the biomass boiler 2 with a nominal heat output of 600 

kWth was installed in 2001, which has been has been mainly used during the summer. Table 

10 shows the technical data of this heating network.  

Table 10: Technical data of the third biomass heating network. 

Parameter Value Unit 

firing system 1     

nominal thermal output furnace 1 3800 kW 

nominal efficiency furnace 1 79 % 

biomass boiler 1     

nominal thermal output boiler 1 3000 kW 

firing system 2     

nominal thermal output furnace 2 750 kW 



6 Description and Analysis of selected heating networks 105 

nominal efficiency furnace 2 80 % 

biomass boiler 2     

nominal thermal output boiler 2 600 kW 

condensation (de-installed in 2001)     

nominal thermal output condenser 875 kW 

The hydraulic circuit of this network since 2001 is displayed in Figure 32, which is 

notably simpler than the other two BHNs investigated. Both biomass furnaces are equipped 

with secondary air fans, in addition to primary air supply, to ensure efficient combustion. 

The flue gases are cleaned by a cyclone and, after branching off the recirculation, are 

transported to the stack by the induced draft fan.  
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Figure 32: Hydraulic circuit diagram of the third biomass heating network without flue gas 

condenser and heat pump (own illustration). 

During the winter period, biomass boiler 2 is not in operation. All heat demand in winter 

is provided by biomass boiler 1. The feed flow of the boiler reaches a three-way mixer, 

where it is mixed with the flow from the 40 m3 buffer storage tank. The mixture flow then 

passes through another three-way mixier where it is combined with the return flow before 
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splitting into two secondary local networks. In addition to the biomass boilers, an oil-fired 

boiler with a rated thermal output of 3.2 MW operates as a backup unit during peak load, 

breakdown and maintenance phases. 

6.2 Input data and analysis 

To evaluate the heat pump integration concepts, various operating parameters were 

continuously measured from the three heating networks. These data sets are instrumental in 

validating the proposed method and in providing a better assessment of historic operating 

situations. In addition, fuel compositions used in the networks were determined based on the 

laboratory analysis for a more accurate evaluation. In this section, the data used for 

simulation are introduced, and a preliminary analysis of the investigated networks is 

conducted. 

6.2.1 Fuel analysis 

Given that the heat recovery potential is highly dependent on the fuel composition, 

especially the water and hydrogen content, fuel samples were collected from the three 

investigated networks and experimentally analyzed in the laboratory. As mentioned in 

Section 4.1.1, the compositions can be used as the database for calculating fuel energy 

consumption and efficiency. The results of the experimental analysis are presented in Table 

11. The conversion of the compositions from dry fuel to wet fuel is as follows: 

𝑥𝑖,𝑤𝑒𝑡 =   𝑥𝑖,𝑑𝑟𝑦 ∗ (1 −  
𝑤

100
) (82) 

Table 11. Experimental analyzed fuel compositions of the investigated networks in the laboratory 

Parameter BHN1 BHN2 BHN3 Unit Methods 

Total water content 30 47.4 25.8 ma% wet fuel DIN EN ISO 18134-2:2017-05 

higher heating value (hhv) 20300 19900 20400 kJ/kg dry fuel DIN EN ISO 18125:2017-08 

lower heating value (lhv) 18670 18600 19100 kJ/kg dry fuel DIN EN ISO 18125:2017-08 

Ash content 0.6 1.9 0.7 ma% dry fuel DIN EN ISO 18122:2016-03 

Total chlorine content 0.03 0.013 0.009 ma% dry fuel DIN EN ISO 16994:2016-12 

Carbon 50.6 50.5 50.9 ma% dry fuel DIN EN ISO 16948:2015-09 

Hydrogen 6.2 6.1 6.3 ma% dry fuel DIN EN ISO 16948:2015-09 

Nitrogen 0.24 0.24 0.24 ma% dry fuel DIN EN ISO 16948:2015-09 

Total sulfur content 0.009 0.011 0.01 ma% dry fuel DIN EN ISO 16994:2016-12 

Oxygen 42.4 41.3 41.8 ma% dry fuel DIN EN ISO 16993:2016-11 
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6.2.2 Analysis of the operating data 

Historical operating data was extensively collected from the three investigated BHNs. 

Only data relevant to efficiency were selected, based on the hydraulic circuits. These data 

are categorized into two types: performance data and temperature data. 

With an observation period of more than one year for each BHN, daily average values 

over a year were determined during this duration. During the actual measurement process, 

anomalies or missing data often occurred for technical reasons, e.g., sensor damage or 

anomalies or interruptions in the operation. In the context of this thesis, apparent anomalies 

and missing data were processed through normal distribution and random forest methods, 

which improves the plausibility of the analysis results. The processed data of each BHN are 

visualized and analyzed in this subsection. The mean temperatures in winter at different 

measurement points are illustrated in the hydraulic circuits shown in Figure 30 to Figure 32. 

6.2.2.1. Analysis of the first biomass heating network 

Operating data from the first BHN was recorded over a period of 13 months. Considering 

the maximum observation period of approximately oneyear, daily average values were 

determined. For the analysis, data from the periods between 01.07.2018 – 30.06.2019 were 

selected.  

Temperature data 

Figure 33 shows the temperature data in the first BHN. The average furnace temperature 

over the year was 931 °C. The flue gas temperature directly downstream of the boiler had 

an average temperature of 247 °C. The flue gas successively passed through the boiler, air 

preheater, economizers, precipitator, and condensation components. Between the air 

preheater and economizer in the eco tower, the flue gas temperature in winter averaged 163 

℃. After passing through ECO 1 and ECO 2, the temperatures dropped sharply to 55 ℃ 

before reaching the heat exchanger for the HP-evaporator. Since temperature data between 

ECO 1 and ECO 2 are not available, these two components are analyzed as a single compact 

economizer The average drop in ECO in winter was 103 K. Compared to the economizer, 

the flue gas in the condenser was cooled by only 21 K. 
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Figure 34 displays the forward and return temperatures at various points on the grid side. 

It can be noticed that the heat pump was operated only in winter, with the cooling water 

temperature at the evaporator-side averaging 25.3 °C at the outlet and 29.5 °C at the inlet. 

The average mains forward and return temperatures over the year were 53.8 °C and 91.6 °C, 

, respectively, and 52.2 °C and 93.5 °C in the winter period. Initially, the network return 

temperature was raised to about 55.5 °C by ECO 2, then flowed into the heat pump 

condenser, exiting at 59.1 °C. This resulted in a temperature increase of 3.6 K. After passing 

through the mains boost pumps, the return temperature rose to 85.3 °C. Before entering the 

boiler, it was further heated to 88.7 °C by ECO 1. 

 

Figure 33: Temperatures of the plant-side in the first biomass heating network 

 

Figure 34: Temperatures of the grid-side in the first biomass heating network. 
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Performance analysis 

Figure 35 shows the thermal outputs of the main heating supply components of the first 

BHN, including the boiler, economizer, and heat pump. The biomass boiler has an average 

annual heat output of 1862 kWth. This corresponded to a 50 % utilization of the boiler and 

an annual full load hour of 4372 h. The economizer and the heat pump provided 7.1 % and 

6.8 % of the total heat generation, respectively. During the year, the peak demand for the 

entire BHN was 4.7 MWth, at which point the boiler operated at its rated output and the 

economizer and heat pump collectively contributed 20.4 %.  

 

Figure 35: Performances of different components in the first biomass heating network. 

The graph also indicates that the economizer and the heat pump were operated only in 

winter. The reason for this is the lower heat demand in summer. The economizer had an 

average heat output of 265 kWth during operation, while the combination of flue gas 

condenser and heat pump had an average output of 383 kWth. This corresponded to annual 

full load hours of only 2030 h for the economizer and 1811 h for the heat pump, indicating 

low utilization rates of the equipment. 
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For a detailed analysis of the flue gas condenser and heat pump, the respective 

performances and the calculated COP values are also displayed in the figure. The analysis 

shows only a slight difference in heat recovery performance between the flue gas condenser 

and the economizer, despite the much lower gas temperature drop in the former. The high 

performance of the flue gas condenser was contributed by the latent heat of the water vapor 

in the flue gas. The COP of the heat pump ranged between 3 and 4. According to the 

information provided by the BHN operator, the heat pump is equipped with a COP 

controller. This controller ensures that the heat pump operates only upon achieving the 

minimum COP value. 

6.2.2.2. Analysis of the second biomass heating network 

For the second BHN, daily average performance data are available for the period from 

July 1st 2013 to June 30th 2018. From these data, a daily average time series for a sample 

year was compiled, as illustrated in the subsequent graphs. 

Temperature data 

Figure 36 shows the temperature data in the second BHN. As shown in the graph, biomass 

boiler 2 operated over the entire year with an average combustion temperature of 877.0 °C. 

The average flue gas temperature after passing through the ECOs was 183.4 °C. Biomass 

boiler 1 operated only from mid-September to mid-May, exhibiting a significantly lower 

average combustion temperature of 649.3 °C, and an average flue gas temperature of 

168.7 °C. After mixing and de-dusting, the flue gas from both boilers entered the flue gas 

condensation unit and was cooled to 45 °C before flowing to the air preheater. 

The grid-side temperatures of the BHN are displayed in Figure 37. The average forward 

temperature was 90.9 °C. A portion of the high-temperature mains return flow, 

approximately 55 °C, was first cooled by the heat pump. This cooled flow was then mixed 

with the low-temperature mains return, resulting in a mixing temperature of 44 °C before 

the condenser inlet. By recovering the waste heat, the return was raised to approx. 52.3 °C 

and then fed into the main network again. On the other side, the heat absorbed by the heat 

pump from the network was raised to a higher level and also fed back to the main network. 

The heating supply temperature of the heat pump averages about 58.8 °C. 
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Figure 36: Temperatures of the plant-side in the second biomass heating network. 

 

Figure 37: Temperatures of the grid-side in the second biomass heating network. 

Performance analysis 

Figure 38 illustrates the power and heat output of this BHN. Biomass boiler 1 had an 

average output of 1954 kWth from mid-September to mid-May, while biomass boiler 2 

generated an average of 2196 kWth heat and was operated over the year. This resulted in 

utilization rates of 24.2 % for biomass boiler 1 and 73.2 % for biomass boiler 2. The ORC 

unit of biomass boiler 2 generated an average electrical output of 438 kWel.  
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In the period from the beginning of September to the end of May, the flue gas 

condensation operated with an average heat output of 984 kWth. The heat pump was 

operational from the early October to mid-May, with an average output of 744 kWth. This 

corresponded to 3480 full operation hours. As depicted in the graph, the COP values of the 

heat pump lay on approx. 5.0, which is higher than those in the first BHN. To operate the 

heat pump, an average electrical power demand of 186 kWel form public power grid and a 

thermal demand of 558 kWth from the heating network were required.  

 

Figure 38: Performances of different components in the second biomass heating network. 

6.2.2.3. Analysis of the third biomass heating network 

For the third heating network, the hourly average data from July 1st 2018 to June 30th, 2019 

is analyzed. To make it comparable with the other two heat networks, their daily average 

data during this period will be displayed and analyzed in the following. 
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Temperature data 

The temperature data from the boilers and network over the recorded period are displayed 

in Figure 39 and Figure 40.  

 

Figure 39: Temperatures of the plant side in the third biomass heating network. 

 

Figure 40: Temperatures of the grid side in the third biomass heating network. 

Figure 39 reveals that both biomass boilers in this heating network did not operate 

simultaneously. The average combustion temperatures of biomass boilers 1 and 2 were 

nearly identical, both lay on 962 °C. The average gas temperature after boiler 1 was 
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164.1 °C, showing significant fluctuations, whereas it was 200.5 °C after boiler 2. To 

mitigate these fluctuations, an improvement in the boiler control system is suggested. Figure 

40 shows the forward and return temperatures of this BHN, which indicates an average 

forward temperature of 87.1 °C and a return temperature of 57.3 °C.  

Performance analysis 

Figure 41 illustrates the heat generation by the boilers in the third BHN. The graph 

indicates that the highest daily average demand reached only 1470 kWth. This value 

represented only 49 % of the nominal heat output of biomass boiler 1. The average heat 

output of biomass boiler 1 in wintertime was only 989 kWth, which corresponded to 33 % of 

the nominal capacity, indicating a yearly utilization rate of only 21 %. In summer, biomass 

boiler 2 was operated instead of biomass boiler 1. Its average output reached up to 493 kWth, 

equivalent to 82 % of the nominal capacity. However, due to the limited operating time, the 

full operating hours were only 2640 h, which corresponded to a utilization rate of just 30 %. 

The comparison of the rated capacity of thie BHN with its daily average demand clearly 

indicates that the plant is significantly oversized.. 

 

Figure 41: Supply of the main components in the third biomass heating network. 
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7. Evaluation and discussion of investigated biomass 

heating networks 

To ensure an accurate evaluation of the performance of a biomass heating system, precise 

determination of fuel energy consumption is essential. This is often challenging due to 

inaccuracies in measurement of biomass weight. To solve this issue, a detailed simulation 

based on measured operating data can provide more precise results. In this study, the fuel 

composition and the heating value were analyzed in the laboratory (See Section 6.2.1). The 

fuel consumptions are iteratively calculated through simulations based on measured 

operating data (See Section 6.2.2). Based on this, the calculation of the overall efficiency 

and specific CO2 emission of the studied networks can be also performed.  

To conduct accurate calculations of the fuel consumption and system efficiency, the 

general model proposed in Section 4.1 is employed, where the selected BHNs are 

implemented based on their real hydraulic circuits (See Section 6.1). 

7.1 Model implementation and validation 

The validation of the proposed methodology involves comparing the measured and 

simulated performances of the key components for heat recovery in the first and second 

BHNs, including heat pumps, economizer, and flue gas condenser. By utilizing the measured 

parameters such as analyzed fuel data, measured temperatures, and boiler performances as 

input data, the performances of the heat pumps, economizer as well as flue gas condenser 

can be simulated by the model for comparison with actual measured values. 

Figure 42 shows the comparison between the simulated and measured results of the two 

biomass heating networks in Austria, each equipped with integrated heat pumps in different 

configurations. In the first BHN, the simulated results of the heat pump correspond well with 

the actual measured values, with an average deviations of 20 kW. This corresponds to 2.7 % 

of the heat pump capacity. The graph indicates that the deviation of the data is minor. 

Similarly, in the second BHN, the simulated performance curve of the heat pump closely 

resembles the measured one, with an average deviation of 37 kW, which corresponds to 

3.7 % of the nominal heat output. The heat pump in the second BHN operated in the period 

from November to mid-May. Most of the data points are also less than 5% off. 
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Figure 42: Validation of the simulation results of the 1st and 2nd BHN. 

The simulation results and the measured results of the economizer (ECO) for the first 

BHN and the condenser (COND) in the second BHN appear to be less consistent compared 

to those of the heat pumps. However, the deviations of most data points are also mainly 

below 8 %. These discrepancies arise from various factors. A primary reason could be the 

assumptions made about input parameters in the model, such as the efficiencies of the heat 

exchangers. In the simulation model, heat exchanger efficiencies are assumed to be 94 %. 

But in reality, it can vary depending on the types of construction and operating conditions. 

Another important cause can be the measurement errors of temperatures and performance 

data. Another significant factor could be measurement errors in temperature and 

performance data. For instance, in the first BHN, the two economizers (ECO1 and ECO2) 
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were treated as a single entity due to a lack of measurement data between them, leading to 

the neglect of temperature loss between the two ECOs. Moreover, the performance of 

economizers is highly sensitive to the exit temperature of ECO2. With the high latent 

enthalpies of vapor in the flue gas, even a minor temperature deviation of 0.5 K can cause a 

significant difference in the heat exchangers performance. In the second BHN, the mixed 

flue gas temperatures after both biomass boilers had to be estimated due to the lack of 

sensors, which introduced further uncertainty. Additionally, the measured performance of 

the condenser in the second BHN showed minor anomalies in December, January, and May 

due to unidentified operational issues. This also leads to higher deviation. Despite these 

challenges, the overall results can be considered reliable, as the deviations of most data 

points are mainly below 8 % when validated against the respective input temperatures. 

7.2 Simulation-based evaluation of the biomass heating networks 

7.2.1 Energetical evaluation 

Through modelling, the boiler efficiency and system overall efficiency, referred as 

“figures of merit”, can be determined. The calculated technical indicators of the three 

investigated BHNs are shown in Figure 43 to Figure 45. Determining the boiler efficiencies 

and system overall efficiencies allows to evaluate these biomass heating systems under 

investigation. 

 

Figure 43: Efficiencies and component operating states in the first biomass heating network. 
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Figure 43 shows the efficiencies and operation states of ECO and heat pump in the first 

biomass heating network. Where the solid black line represents the system overall efficiency, 

i.e., the total heat supplied divided by the total input energy in the form of fuel and electricity. 

The red line represents the boiler efficiency. The blue dotted line indicates operation state 

(on/off) of the ECO and the grey dotted line indicates the operation state of the heat pump. 

In the first BHN, Both the heat pump and ECO are switched off in summer due to the low 

heat demand [199]. Therefore, the system overall efficiency is the same as the boiler 

efficiency. Analysis of the remaining period shows that the operation of ECO increased the 

total efficiency by about 8 – 10 %. By integrating the flue gas condenser and the heat pump, 

a further increase of the system efficiency of about 10 % was achieved, leading to an total 

overall efficiency increase up to 20 %. 

While the first BHN represents the variant of the flue gas-side HP-integrated system , the 

second BHN represents the variant of the network-side HP-integrated system. Figure 44 

shows the efficiencies and operation states of flue gas condenser and heat pump in the second 

BHN. Where the solid black line also denotes the system overall efficiency. The red line 

represents the average efficiency of both boilers in this BHN, while the green line and cyan 

line represent the efficiency of boiler 1 and boiler 2, respectively. The blue dotted line 

indicates the operation state of the flue gas condenser and the grey dotted line operation state 

of the heat pump. 

 

Figure 44: Efficiencies and component operating states in the second biomass heating network. 
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From the graph, it is evident that the incorporation of flue gas condenser and heat pump 

with network-side connection can significantly increase the system efficiency by about 

17 %. The peculiarity of this BHN is that the heat network has a low-temperature network 

return at about 38 °C, in addition to the high-temperature network return. During periods of 

low heat demand (i.e., early September to October and mid-May to early June), the low 

amount of waste heat available in the flue gas can be efficiently recovered through the low-

temperature network return, eliminating the need to operate the heat pump. As a result, the 

system's efficiency during these periods is remarkably increased, even beyond the core 

winter season. 

 

Figure 45: Efficiencies and operating states of the two biomass boilers in the third biomass heating 

network. 

In Figure 45, the efficiency of the two biomass boilers over the year in the third BHN is 

displayed. A comparison with the first two BHNs reveals that the operation of the third BHN 

is notably inefficient. The maximal efficiency of the BHN observed over the year is about 

73.6 %. The efficiency varies significantly due to changes in flue gas temperature from the 

boilers. Considering the total energy supply and total fuel demand, the average efficiency of 

the heating network is 69.2 %, markedly lower than that of the other two BHNs. 

7.2.2 Environmental evaluation 

To investigate the environmental impact of the heat pump integration concepts, the 

specific primary energy demand and CO2 emissions of the two BHNs with integrated heat 

pumps are analyzed. As the calculation basis, the legally binding primary energy factors and 



7 Evaluation and discussion of investigated biomass heating networks 120 

CO2 emission factors of Austria from the OIB guideline 6, edition 2019 [200] are used as 

reference values. 

Table 12: Reference values of primary energy and CO2 factors in Austria [200]. 

Energy source  𝑓𝑃𝐸 𝑖𝑛 𝑘𝑊ℎ𝑃𝐸/kWh 𝑓𝐶𝑂2,𝑒𝑞𝑢 𝑖𝑛 g CO2 /kWh 

electricity mix 1,02 227 

wood chips 1.000 kW 0,1 17 

 

Figure 46 and Figure 47 show the calculated environmental evaluation indicators of both 

BHNs with integrated heat pumps. The graphs indicate that the specific equivalent CO2 

emissions and the primary energy demand in the first BHN decreased significantly during 

early and late summer due to the operation of the economizer. A similar pattern is observed 

in the second BHN, where the condenser directly cools the low-temperature network return 

without the need for the heat pump, resulting in improved system efficiency without external 

power input and a consequent reduction in primary energy consumption. In wintertime, the 

operation of the heat pump at both BHNs led to a notable increase in the environmental 

indicators.  

This effect is primarily due to the significant difference in CO2 emission and primary 

energy factors between the current electricity mix and forest wood chips, as detailed in Table 

12. Although the integration of the heat pump reduces the need for biomass fuel, it 

necessitates additional electricity for active condensation. Only when the ratio of the heat 

pump COP to the boiler efficiency is larger than the ratio of the CO2 factors of electricity to 

wood chip, the integration of the heat pump will have a positive environmental effect, which 

can be expressed as follows: 

𝑓𝐶𝑂2,𝑒𝑙 < 𝑓𝐶𝑂2,𝑓𝑢𝑒𝑙 ∗
𝐶𝑂𝑃

𝜂𝑏𝑜𝑖𝑙𝑒𝑟
(83) 

From this equation it can be inferred that this negative environmental impact will be 

reduced if the electricity emission factor of the public grid decreases, for example, through 

an increased share of renewable energy generation in the future. 
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Figure 46: Specific primary energy demand and CO2 emissions the first biomass heating network. 

 

Figure 47: Specific primary energy demand and CO2 emissions the second biomass heating network. 

7.3 Comprehensive comparison and discussion of investigated 
biomass heating networks 

For a comprehensive comparison of the three BHNs investigated, Table 13 summarizes 

the differences based on the technical information, operational data obtained, as well as the 

simulation results presented in the previous Chapter. 

Regarding the commissioning years of the flue gas condensation, it can be noted that they 

correspond to the commissioning year of each heating network. This indicates that the flue 
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gas condensation was an integral part of the system from the time the network was 

commissioned. The commissioning year of the heat pump in the second BHN differs from 

the commissioning year of the network. While in the first BHN, the heat pump has already 

been implemented since commissioning of the network. A possible reason for the early 

integration of the heat pump in the first BHN could be its later commissioning year, 

coinciding with more advanced developments in biomass heating technology. Notably, the 

third BHN does not include a heat pump. 

By utilizing the economizer and flue gas condensation with heat pump, an increase in the 

system overall efficiency of 17.8 % for the first BHN and 17.4 % for the second BHN was 

achieved during the winter months. When comparing these two networks, it’s observed that 

the contribution of recovered heat to the total heat supply in the second BHN is significantly 

higher than that in the first one. This is attributed to the higher utilization rate of flue gas 

condensation and the heat pump in the second BHN, with the full utilization hours being 

almost double that of the first BHN. It is also noteworthy that the second BHN exhibits a 

significantly higher Coefficient of Performance (COP) for the heat pump, due to the lower 

temperature increase in its system. As shown in Table 13, the flue gas temperature after the 

flue gas condensation (related to the evaporating temperature) in the second BHN is 

significantly higher than in the first, while the difference in heat pump supply temperature 

(related to the condensing temperature) between the two BHNs is mere 0.3 K. However, a 

higher exhaust gas temperature also indicates a lower fuel utilization rate and, consequently, 

a lower overall system efficiency. An analysis of how the exhaust gas temperature and heat 

pump supply temperature affect the COP and system overall efficiency will be discussed in 

the next chapter. 

Comparing to the other two BHNs, the third BHN has a significantly lower average 

efficiency of 69.2 %. The primary reason for this low boiler efficiency is the increased 

residual oxygen content in the exhaust gas. This is approximately three times higher than 

that of in the first BHN. Through calculation (Eq. (7)), it can be calculated that the 

combustion air ratio is around 3.0. This value is significantly above the optimum air ratio of 

1.4 to 1.8. This discrepancy is attributed to the oversizing of the biomass boiler. 

Consequently, the biomass furnace of the third BHN is currently unsuitable for efficient flue 

gas condensation, as high excess air leads to a lower dew point temperature. To effectively 

implement the concept of flue gas condensation, optimization of combustion is necessary, 
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which would involve reducing the air ratio. This could be achieved by improving the control 

of combustion air entering the furnace and enhancing the flue gas recirculation. 

Table 13: Comparison of the three studied biomass heating networks. 

Parameter BHN 1 BHN 2 BHN 3 Unit 

Commissioning year of the BHN 2006 1996 1995  

Commissioning year of the 

COND 
2006 1996 

1995 

dismantled 2001 
 

Commissioning year of the heat 

pump 
2006 2012 HP not available  

System configuration 
flue gas-side HP 

integration 

network-side HP 

integration 

baseline (before 

2001 COND-only) 
 

Fuel water content 30 47.4 25.8 Ma% 

Nominal output biomass boiler 3000 5000 + 3000 3000 + 600 kW 

Boiler utilization rate 44,9 24.2 / 73.2 22.1 / 25.8 % 

Flue gas temperature after boiler 247 169 / 373 164.1/200.5 °C 

O2 content in exhaust gas 5.43 unknown 14.1 % 

Gas temperature after 

condensation 
32 45 - °C 

Network average demand 2245 4290 818 kW 

Network full utilization rate 43.9 47.7 27.3 % 

Mains return temperature 53.8 55 79.0 °C 

Mains feed temperature 91.6 90.9 92 °C 

Heat pump supply temperature 59.1 58.8 - °C 

COP heat pump 3.5 5.1 - - 

Annual full utilization hours of 

flue gas condensation and heat 

pump 

1811 3460 - h 

Contribution of recovered heat to 

total heat supply 
14.1 19.5  % 

Annual average efficiency of 

boiler 
80.0 77.2 69.2 % 

System efficiency increase in 

wintertime 

17.8 17.4 - % 

Maintenance costs COND annual cleaning annual cleaning 10 h/week 

(before dismantling) 

 

Maintenance effort HP 
annual 

maintenance 

annual 

maintenance 
HP not available 

 

Susceptibility to faults compare 

with other components 
identical 

significantly 

lower 
above average 
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Furthermore, when planning a new flue gas condensation system for the third BHN, it is 

crucial to consider the consistently low heating demand of the network. This implies that the 

capacity of the new flue gas condensation system should be significantly smaller than the 

one installed in 1995, which was dismantled in 2001 due to corrosion and operational 

problem. Moreover, the operational experience from this BHN prior to 2001 also indicates 

that the corrosion problems must be prevented in the technical planning and operation of any 

new condensation systems: 

A primary concern is the exposure of the heat exchanger bundles in the flue gas 

condensation and the upstream economizer to flue gas. To mitigate potential corrosion, these 

heat exchanger bundles should be made of higher-quality stainless steel. Moreover, unlike 

the other two BHNs, this BHN currently lacks an electrostatic precipitator. The installation 

of an electrostatic precipitator upstream of the flue gas condenser would be beneficial in 

reducing the dust load on the heat exchangers, thereby enhancing the effectiveness of the 

flue gas condensation. If emission regulations become more stringent, installing an 

electrostatic precipitator will become essential. 

A second issue concerns the negative effects of fluctuating return temperatures on the 

flue gas condensation process. Since condensation primarily occurs at temperatures below 

approximately 55 °C, fluctuating temperatures that alternate above and below this threshold 

can lead to intermittent condensation states. This fluctuation can result in condensate 

formation on heat exchangers, subsequently causing dried-out, salt-containing ash deposits 

(such as KCl and NaCl) to accumulate on the surfaces of the condenser bundle. These 

deposits can lead to corrosion on stainless steels, rapidly deteriorating the heat exchanger 

bundle. To counteract this, a heat pump can be employed to stabilize these fluctuating return 

temperatures. The low cooling temperatures provided by heat pumps ensure continuous 

condensation of the flue gas, effectively preventing the formation of dried-out deposits on 

the heat exchanger surfaces and thereby reducing the risk of corrosion. Operational 

experiences from the first and second BHN have demonstrated that integrating a heat pump 

not only effectively improves the fuel utilization rate but also ensures reliable, long-term 

operation of the flue gas condenser. 
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8. Thermodynamic analysis of the heat pump cycle 

This chapter aims to investigate the impact of technical parameters on the integration of 

heat pump and to develop optimal heat pump circuits. For this purpose, a thermodynamic 

analysis based on the first BHN is conducted. The technical data of the equipment used can 

be found in Table 8. To evaluate the influence of the technical parameters, the boiler is 

assumed to operate at its rated heat output. Additionally, the exhaust gas is assumed to 

contain 220 mg/Nm3 of CO and 200 mg/Nm3 of NOx, corresponding to the limits set by the 

44th BlmSchV in Germany [201], with a reference O2 content of 11 %vol. The flue gas 

temperature exiting the boiler is set at 180 °C. There is a temperature reduction of 20 K after 

the air preheater and 100 K after the economizer. The flue gas then reaches the condensation 

bundle at 60 °C, where it is cooled by the heat pump to the target exhaust gas temperature. 

The default value of the target exhaust gas temperature is assumed to be 30 °C. The network 

flow and return are set at 90 °C and 55 °C respectively, with the average ambient temperature 

being 15 °C. The default values of various operating parameters used in the analysis are 

listed in Table 14.  

Table 14: Default operating parameters for the c analysis of heat pump integration. 

Parameter Value Unit 

CO in exhaust gas 220 mg/Nm3
dry 

NOx in exhaust gas 200 mg/Nm3
dry  

O2 reference 11 % vol.% dry 

Excess air 1.6 - 

Combustion temperature 900 °C 

Boiler surface temperature 200 °C 

Flue gas temperature after boiler 180 °C 

Flue gas temperature after air 

preheater 
160 °C 

Flue gas temperature after economizer 60 °C 

Target exhaust gas temperature 30 °C 

Ash temperature 100 °C 

Air temperature 15 °C 

Main network return temperature 55 °C 

Main network supply temperature 90 °C 

Heat pump supply temperature 65 °C 
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In the following, the impact of the target exhaust gas temperature, heat pump supply 

temperature, and choice of refrigerant on heat pump design and overall system efficiency 

under different conditions will be examined. 

8.1 Analysis of target exhaust gas temperature 

In a standard heating plant, the overall efficiency increases as the exhaust gas temperature 

decreases. However, when a heat pump is integrated into the system, its power consumption 

also affects the overall efficiency. As mentioned in Chapter 4, the evaporation temperature 

of the heat pump depends strongly on the target exhaust gas temperature after flue gas 

condenser. A lower target exhaust gas temperature results in a lower evaporation temperature 

of the heat pump, which leads to lower heat pump efficiency and, in turn, affects the overall 

efficiency. 

 

Figure 48: LHV-based system overall efficiency as a function of target exhaust gas temperature at 

different air ratios and fuel water contents w in kg/kgfuel (at a constant heat pump supply temperature 

of 65 °C). 

Figure 48 indicates that the system overall efficiency based on the lower heating value 

does not always increase with decreasing exhaust gas temperature. At an air ratio of 1.2, the 

highest efficiency points appear at an exhaust gas temperature of around 30 °C. If the exhaust 

gas temperature drops further, the overall efficiency will also decrease. This is due to the 
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unavoidable power consumption of the heat pump. At a very low exhaust gas temperature, 

the energy saving potential is already so low that the power consumed for heat recovery has 

a negative effect on the system.  

The diagram also demonstrates that, as the exhaust temperature varies, the maximal 

achievable overall efficiency also depends on the air ratio and the fuel water content. A 

higher air ratio (λ) decreases the maximal achievable overall efficiency since the higher air 

volume increases the exhaust gas volume, leading to higher heat loss to environment. By 

increasing the λ value, the optimum exhaust gas temperature shifts to the left. The figure 

also clearly shows that the maximal overall efficiency is significantly higher at a higher fuel 

water content w than at a lower one. This is due to the high latent heat of the steam in the 

flue gas. The greater the quantity of water in the fuel, the more energy can be recovered. 

Therefore, the overall efficiency also increases with the increase in water content.  

 

Figure 49: Required heat pump electrical power demand and COP as a function of target exhaust 

gas temperature at different air ratios and fuel water contents w in kg/kgfuel (at a constant heat pump 

supply temperature of 65 °C). 

A lower exhaust gas temperature means a high recovery potential, but also higher 

temperature lift requirements for the heat pump. Therefore, the electrical power required for 

the recovery of waste heat at a lower temperature level also increases with an increased target 

exhaust gas temperature, as shown in Figure 49. The graph indicates that the electrical power 

required by the heat pump increases rapidly as the exhaust gas temperature falls. This is 

accompanied by a sharp drop in the COP. Higher power requirements coupled with a lower 
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COP value also mean higher investment costs and poor operating conditions, even though 

more energy can be recovered from the exhaust gas.  

In addition, at higher levels of fuel water content, the electrical power requirements of 

the heat pump are significantly higher because of the higher amount of waste heat to be 

recovered. Moreover, it is noticeable that at lower exhaust gas temperatures, a lower air ratio 

achieves higher system overall efficiency, but with less power demand for heat pumps. 

Therefore, based on the above analysis, the fuel water content and air ratio also need to be 

considered when selecting the exhaust gas temperature. 

8.2 Analysis of heat pump supply temperature 

As described in Section 3.1.2, it is possible to feed the heat from the heat pump into the 

heat network in different ways, e.g., into main network return, the preheated network after 

economizer, or directly into the network feed flow. The feeding variant of the recovered heat 

determines the required heat pump supply temperature to be selected. 

 

Figure 50: LHV-based overall system efficiency as a function of heat pump flow temperature at 

different air ratios and fuel water contents w in kg/kgfuel (at a constant target exhaust gas temperature 

of 30 °C). 

Figure 50 and Figure 51 present the system overall efficiencies, the required heat pump 

electrical power demand, and the COP, at different heat pump supply temperatures. Figure 
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50 shows that the change in heat pump supply temperature has no significant effect on 

system overall efficiency. However, as the heat pump supply temperature increases, the 

power requirements of the heat pump also increase significantly. This is due to the increased 

temperature lift between the evaporator and the condenser, resulting in a sharp drop in the 

COP.  

It is also important to note that at a fixed exhaust gas temperature, the heat available from 

the flue gas condenser remains constant. To fully recover the heat at a lower COP value, the 

required heat pump electrical power increases, as do the dimensions of the heat pump. This 

trend is more pronounced at higher fuel water contents. Although from a technical point of 

view, a higher heat pump supply temperature has no significant impact on the overall system, 

it leads to larger heat pump sizes, higher investment costs, and more significant power input. 

Therefore, when designing the heat pump, the supply temperature should only be selected 

as high as necessary. However, it is crucial to ensure that the heat supply temperature must 

not fall below the minimum value, so that all the heat can be fed into the heat network, as 

described in Section 4.2.1. 

 

Figure 51: Required heat pump electrical power demand and COP as a function of heat pump supply 

temperature at different air ratios and fuel water contents w in kg/kgfuel (at a constant target exhaust 

gas temperature of 30 °C). 
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8.3 Analysis of the refrigerant selection 

The selection of the refrigerant is crucial for the application scenarios studied in this 

thesis. A preliminary analysis of different refrigerants' properties, such as their evaporating 

temperatures at ambient pressure and critical points, was conducted. Based on the 

preliminary analysis, the following refrigerants were found to be suitable for the application 

scenarios: 

 R134a, which is the most commonly used refrigerant [202]. 

 R717 and R236fa, which were used in the two real-world cases investigated in this 

thesis (See Section 6.1). 

 And R290, R600a, and R1234yf, which were recommended in [203] for their low 

GWP (Global Warming Potential). 

Figure 52 shows the results of varying the exhaust gas temperatures for different heat 

pump temperature lifts and refrigerants. From the figure, it is evident that the choice of 

refrigerant strongly affects the COP of the heat pump and, in turn, the electricity demand. 

However, the choice of refrigerant has no significant effect on system efficiency. This is 

because the fuel utilization remains constant at a constant exhaust gas temperature and the 

system overall efficiency is only influenced by the electricity consumed by the heat pump. 

Although there are differences in electricity consumption, they are, however, very small 

relative to the total energy consumption of the system. Nevertheless, due to the high price 

and environmental impact of electricity, the choice of refrigerant is still important.  

Figure 52 also highlights the differences in the COP values for both low- and high-

temperature increases. As can be seen in the graphs, R236fa performs well at high target 

exhaust gas (heat source) temperatures, while R717 performs better at lower temperatures. 

However, R236fa, with the highest GWP value [204] of all the refrigerants considered, can 

cause environmental damage. R717 is in the safety group denoting increased toxicity (B2L) 

[205]. 

As an alternative, R600a behaves well at different exhaust temperatures and temperature 

increases. Compared to R600a, the COP values are significantly lower with R290 and 

R1234yf. It is also noticeable that R1234yf does not perform well at low exhaust 

temperatures with large temperature increases, due to the low critical temperatures of these 

refrigerants. Thus, the R600a refrigerant might be a better alternative to R236fa and R717 
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than R290 or R1234yf. However, even when using R600a, it should be noted that R600a 

belongs to the "highly flammable"(A3) group 13]. The most used refrigerant, R134a, is not 

recommended due to its high GWP number and relatively low COP values. 

 

Figure 52: LHV-based system efficiencies, required heat pump power demand and COP, as a 

function of target exhaust gas temperature for various temperature lifts and refrigerants selection. 
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9. Techno-economic analysis of the heat pump integration 

concepts 

To conduct a study in Germany and an in-depth analysis of the heat pump integration 

concept, both integration variants are implemented in the third BHN through the proposed 

method. Considering the service life and oversizing of the heating plant in the third BHN, 

the biomass boilers should be modernized with reduced nominal thermal output according 

to the heating network operator. The concepts investigated in this thesis offers the possibility 

to install a smaller biomass boiler than the old one, as the heat pump can cover part of the 

heat demand. This also helps prevent malfunctions of the boiler due to low utilization rates. 

Three renovation scenarios are considered in this chapter: 

1. Baseline system: Renovation with a boiler without ECO, COND, and HP 

2. Flue gas-side HP-integrated system: Renovation with a smaller boiler with ECO and 

COND, and a flue gas-side integrated heat pump  

3. Network-side HP-integrated system: Renovation with a smaller boiler with ECO and 

COND, and a network-side integrated heat pump  

For the design of different systems, it is assumed that the future heating load, ambient 

temperature, and humidity will remain at the same hourly average values as in the historical 

years. To meet the original temperature requirements of consumers, it is also assumed that 

the supply and return temperatures of the network will maintain historical averages. In 

addition, the minimum annual full utilization hours for designing the integrated biomass 

heating system (including biomass boiler, heat recovery equipment and heat pump) is set at 

5500 hours to ensure efficient operation. The existing oil-fired backup boiler and the 40 m3 

buffer storage will cover the remaining heating demand, including peak load demand, and 

demand during biomass boiler malfunctions. The average hourly and daily operating data, 

including heating load, weather data, and network temperatures, can be found in Figure 73 

in Appendix F. 

Besides, considering that the supply chain of biomass fuel has geographical limitations, 

it is also assumed that the fuel composition for the biomass boiler remains the same as in 

previous years. The default value for excess air during combustion is 1.6. The CO and NO2 

content of the exhaust gas also follows the limit values of the 44th BlmSchV [201]. The flue 
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gas temperature directly downstream of the boiler is 180 °C and is cooled to the lowest 

possible temperature in the ECO via the main return flow.  

For designing the heat pump cycle, it is assumed that the flue gas is cooled to 30 °C in 

the flue gas condenser by default, unless specifically noted otherwise. The inlet water 

temperature of the heat pump condenser is the same as the network return water temperature, 

and the heat pump supply temperature is set at 65 °C by default. As refrigerant, R600a is 

chosen from the case study, as recommended in Chapter 8. 

In this chapter, these scenarios are investigated under the given assumptions from a 

technical and economic point of view, where the two integration variants are compared, and 

the influence of the technical and economic parameters is analyzed. Since the economic 

feasibility of the measures is crucial in the decision-making process for network operators. 

The comparison and analysis can provide an overview of the differences between the 

renovation variants and help in deciding. 

9.1 Comparison of technical and economic results of the heat 
pump integration concepts  

9.1.1 Comparison of component capacities and investments  

The comparison of necessary equipment capacities and investment costs for different 

renovation scenarios is presented in Figure 53. The left graph illustrates the required nominal 

capacities of various components in different renovation concepts. It can be observed that 

the biomass boiler should have a capacity of around 1200 kW in the baseline scenario, with 

designed annual full utilization hours of 5500 h. In the other two scenarios, the required size 

of the biomass boiler is significantly reduced due to the integration of the heat recovery 

components and heat pump. When comparing these two scenarios, it is noticeable that the 

required heat pump capacity is significantly higher in the network-side integration scenario 

compared to the flue gas-side integration scenario. This difference comes from the required 

cooling capacities for the different heat sources. In the flue gas-side integration scenario, 

where the heat pump is directly connected to the flue gas condenser, the evaporator capacity 

should be equal to the capacity of the flue gas condenser. In the network-side integration 

scenario, where the evaporator of the heat pump is connected to the main return, the lowest 

amount of diverted mains flow to the evaporator depends on the recoverable latent heat and 

dew point. In this case study, the dew point is 53.3 °C, which is lower than the mains return 
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temperature. This results in a larger heat pump dimension than in the flue gas-side integration 

case. 

The different equipment sizes also lead to different investment costs. The cost structures 

with different concepts are also shown in the right graph of Figure 53. The diagram indicates 

that the investment costs are lowest in the baseline scenario, with the biomass boiler 

accounting for the majority of the investment. The integration of the heat recovery 

components in the other two scenarios significantly increases the total investment costs, even 

though the required boiler size is much smaller. The total investment in the network-side 

integration scenario is slightly higher than in the other due to the difference in heat pump 

capacity. In the flue gas-side integration scenario, the investment in the heat pump accounts 

for 8.1 % of the total investment, while the share of the heat pump in the network-side 

integration scenario is up to 10.5 %. 

 

Figure 53: Required capacities and investment costs of various components for different renovation 

scenarios. 

9.1.2 Comparison of energy supply and operating costs 

Through the simulation with the historic curve, the annual energy supply curve by the 

different components in the three scenarios under consideration can be obtained, which are 

illustrated in the form of the duration line in Figure 54. 
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Figure 54: Annual duration line of the energy supply by the different components in the three 

scenarios. 

For a more detailed analysis, the annual total contributions of the components' energy 

supply and the biomass fuel consumption of the system are presented in Figure 55. From the 

figure lefts, it can be seen that the demand of the heating network is completely covered by 

the biomass boiler and the peak load boiler in the baseline scenario, resulting in the highest 

the fuel consumption. In the flue gas-side integration scenario, the economizer contributes 

5.3 % and the heat pump 9.2 % of the total heat demand, respectively. Among the 

contribution of heat pump, 534 MWh comes from the heat recovery of the flue gas condenser 

and 155 MWh from the electricity consumption. This results in an annual performance factor 

of 4.35. The integration of the heat pump reduces biomass fuel consumption by 15.5 % 

compared to the baseline scenario. The network-side integration scenario shows the specific 

feature of the energy supply by the heat pump. In this case, the heat pump extracts 735 MWh 

of heat from the network and feeds 928 MWh of heat at a higher temperature into the 

network. This results in a net energy supply of 193 MWh, which comes from the difference 

between heat injection and extraction. 
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Figure 55: Comparison of energy supplies, fuel consumption and operating costs of the 

different renovation concepts. 

The different operating behaviors of the components also lead to the different operating 

costs. As shown on the right side of Figure 55, the operating costs in the flue gas-side 

integration scenario slightly drop due to the heating recovery. Despite the significantly 

higher electricity price than that of biomass fuel, the good annual performance of the heat 

pump is expected to reduce the operating costs of the total system. However, the total 

operating costs in the network-side integration scenario, are higher than that in the baseline 

scenario, due to the higher electricity consumption, while its fuel consumption is almost the 

same as in the flue gas-side integration scenario. This results in increased operating costs for 

heat recovery. 

9.1.3 Comparison of evaluation indicators 

Based on the analysis presented above, the energetical, economic, and environmental 

indicators can be determined for the different scenarios. In this section, these evaluation 

indicators are compared, as listed in Table 15.  

Table 15 clearly shows that the LCOE in the baseline scenario is 54.61 €/MWh, with an 

energy efficiency of only 81.89 %, indicating that it is the least favorable option. By 



9 Techno-economic analysis of the heat pump integration concepts 137 

implementing the heat pump integration concepts, the overall energy efficiencies increase to 

93.36 % in the flue gas-side integration scenario and 93.30 % in the network-side integration 

scenario, respectively. Due to the smaller heat pump size and lower electricity demand, the 

flue gas-side integration concept has proven to be a more economical solution, while the 

LCOE in the network-side scenario has slightly increased compared to the baseline scenario. 

The table also shows that the variable operating cost of the system accounts for the 

majority of the heat production cost. Although the investment cost in the flue gas side 

integration scenario is higher than in the baseline scenario, the overall economic feasibility 

of the system is still improved due to the reduction of the variable operating costs. However, 

since electricity prices are much higher than biomass fuel prices, the operating costs in the 

network-side scenario become higher than in the baseline scenario, making its total heat 

production costs higher than in the baseline scenario. 

Table 15: Comparison of the different evaluation indicators for different renovation scenarios. 

 baseline flue gas side- 

integration 

network side -

integration 

unit 

spec. CAPEX 5.31 6.18 6.33 €/MWh 

spec. fix. OPEX 2.38 2.41 2.44 €/MWh 

spec. var. OPEX 46.92 45.67 47.07 €/MWh 

LCOE 54.61 54.26 55.84 €/MWh 

𝑓𝑙ℎ𝑣,𝑠𝑦𝑠 81.89 % 93.36 % 93.30 % - 

𝑒𝑃𝐸,𝑠𝑦𝑠 0.36 0.36 0.37 MWhPE/MWh 

𝑒𝐶𝑂2,𝑠𝑦𝑠 50.44 54.92 57.80 kgCO2/MWh 

Regarding environmental performance indicators, both integration concepts have a 

negative impact on the environment. The high CO2 factor of electricity from the power grid 

leads to a sharp increase in specific CO2 emissions, rising from 50.44 kgCO2/MWh to 54.92 

kgCO2/MWh and 57.80 kgCO2/MWh, respectively. Therefore, in terms of CO2 emissions, both 

heat pump integration concepts prove to be less advantageous due to the electricity 

consumption in this case study, if the electricity is sourced directly from the public power 

grid. 

In summary, both heat pump integration concepts enhance the energy efficiency of 

biomass heating networks. However, they also have negative impacts on the environment. 

Among the studied cases, the flue gas-side integration concept emerges as a more promising 

option due to its lower operational heat costs and higher energy efficiency, despite 
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necessitating higher initial investment costs. Nonetheless, a critical consideration in this 

approach is the source of electricity, which needs to be carefully chosen to minimize the 

environmental impact. 

9.2 Analysis of the impact of technical parameters  

This section aims to examine the influence of technical input parameters on the feasibility 

of integrating heat pumps. These parameters play a critical role in determining the technical 

and economic viability of the integration concepts. This analysis can ensure that the concepts 

are not only energy-efficient but also cost-effective implemented under given conditions. 

9.2.1 Target exhaust gas temperature and heat pump supply temperature  

First, the impact of heat pump temperature levels on the technical and economic 

feasibility is analyzed. Figure 56 displays the correlations between system overall 

efficiencies and LCOE at varying flue gas temperatures and HP-supply temperature. The 

results show that the selection of temperature level in the design of the heat pump has a 

strong impact on the economic viability. In this case study, the flue gas-side integration 

concept consistently proves to be more favorable than the network-side integration under 

varying exhaust gas temperatures. 

The analysis of the trend of the lines indicates that the overall efficiency in both heat 

pump integrated systems increases with the lowering of exhaust gas temperatures, when the 

temperature is obove 30 °C. However, if the temperature becomes too low, the heat pump 

operation will impact the overall efficiency negatively, consistent with the thermodynamic 

analysis presented in Section 8.1. In contrast, the LCOE increases consistently with the 

decrease of the exhaust gas temperature set point, as the heat pump dimension needs to be 

increased due to the higher temperature rise. This leads to higher investment and electricity 

costs, despite recovering more energy from the flue gas. Therefore, the energetical optimal 

exhaust gas temperature for this case study would be around 30 °C for both scenarios, as 

presented in the results. In the range below 30 °C, both the LCOE and the efficiency increase 

as the exhaust gas temperature set point is lowered, indicating that a set point under 30 °C is 

not viable from either a technical or economic perspective. 
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Figure 56: Correlations between overall efficiencies and LCOE of both heat pump integration 

concepts with varying target exhaust gas temperatures and HP-supply temperatures. 

The figure also indicates that, although the system efficiency drops sharply at high 

exhaust gas temperatures, it remains significantly higher than in the baseline scenario. Both 

heat pump integration concepts can be implemented cost-effectively in practice by 

identifying the appropriate exhaust gas temperature setpoint. In this case study, the flue gas-

side integration proves to be economically beneficial when the exhaust gas temperature is 

above 30 °C. Furthermore, the analysis reveals that increasing the HP heating temperatures 

has no remarkable influence on overall efficiency but negatively impacts economics. Thus, 

it is advisable to keep HP heating temperatures as low as possible during planning the heat 

pump. 

9.2.2 Fuel water content and annual full utilization hours 

When planning the heat pump integration concepts for biomass heating, it is crucial to 

consider the potential variations in fuel water content and the minimum full utilization hours 

of the equipment.  
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Figure 57 presents the curves of overall efficiency and LCOE for different scenarios as a 

function of fuel water content, considering various full utilization hours of the biomass 

heating. It is assumed that the heating value and fuel price based on the dry substance of the 

fuel remain constant. The exhaust gas temperature is set at 30 °C and the heat pump is 

supplied at 65 °C. 

As depicted in the left figure, an increase in water content leads to a higher overall system 

efficiency when integrating a heat pump, while the overall system efficiency of the baseline 

scenario decreases. This indicates that a higher water content presents greater potential for 

overall system efficiency improvement using an integrated heat pump. The efficiency 

improvement is comparable in both the flue gas-side and network-side integration scenarios. 

A similar trend is observed when considering the different full utilization hours. 

 

Figure 57: Analysis of overall efficiency and LCOE for different scenarios as a function of fuel water 

content at different full utilization hours of the biomass boiler. 

The right figure in Figure 57 illustrates that in all scenarios, the cost decreases rapidly as 

fuel water content increases. However, if fuel water content exceeds 0.3 kg/kg𝑤𝑒𝑡𝑓𝑢𝑒𝑙, 

integrating the heat pump on the flue gas side will no longer be cost-effective, despite the 

higher potential for efficiency improvement. Furthermore, the graph demonstrates that the 

difference in heating cost between the network-side and flue gas-side integration scenarios 

gradually decreases. At a fuel water content of 0.5 kg/kg𝑤𝑒𝑡𝑓𝑢𝑒𝑙, the costs of both options are 
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similar, but both are above the baseline cost. Therefore, at higher fuel water contents, both 

heat pump integration concepts are unfavorable in terms of cost. 

Figure 58 illustrates the impact of full utilization hours on overall system efficiency and 

LCOE for an integrated biomass heating system, considering different fuel water contents. 

As shown in the left panel, both excessively low and high full utilization hours of the biomass 

boiler affect the overall system efficiency negatively. This effect arises because the designed 

full utilization hours influence the rated heat output of the biomass boiler, thereby affecting 

the proportion of the load that can be covered by the biomass heating. he influence of varying 

full utilization hours on the energy supply for this heat network is further depicted in Figure 

59, using the duration curve. Additionally, Figure 74 in Appendix G provides a detailed view 

of how the integrated biomass heating system covers the total demand at different FUHs. 

 

Figure 58: Analysis of overall efficiency and LCOE for different scenarios as a function of full 

utilization hours of the biomass boiler at different fuel water contents. 

As demonstrated in Figure 59, setting the designed full utilization hours too high results 

in a relatively low required rated heat output for the biomass boiler. This leads to a higher 

reliance on the backup fossil fuel boiler for peak loads. On the other hand, setting the 

designed full utilization hours too low leads to an excessively high required rated heat output 

for the biomass boiler, making it infeasible for the biomass boiler to operate during summer. 

Consequently, base load heating during this period must also be provided by the backup oil 

boiler. In both scenarios, the contribution of the biomass heating system is diminished, and 
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the amount of heat recoverable by the heat pump is reduced, thereby decreasing the overall 

system efficiency. Therefore, choosing an appropriate number of full utilization hours is 

crucial. In the case study, the optimal overall system efficiency is achieved with full 

utilization hours amounting to approximately 5000 hours. 

 

Figure 59: Annual duration line of the energy supply by the different components with different FUH 

in the flue gas-side integration scenario. 

The impact of different full utilization hours on the LCOE of the heating system is also 

shown in the right panel of Figure 58. Both extremely low and high full utilization hours 

also have negative impacts on the system's economic feasibility. Significantly lower full 

utilization hours necessitate larger biomass boilers and increased reliance on oil-fired boilers 

during low loads in summer (as illustrated in Figure 59). This requirement leads to higher 

investment costs and increased operating expenses due to the higher price of heating oil 

compared to biomass, thus elevating the LCOE. Conversely, excessively high full utilization 

hours require a smaller biomass boiler, resulting in more frequent reliance on backup fossil 

fuel boilers during peak loads. This increased dependence also drives up operating costs, 

raising the system's LCOE. Therefore, selecting an appropriate number of full utilization 

hours is also crucial for minimizing the LCOE of the system. In the case study, the optimal 

full utilization hours are identified to be around 5500 hours for achieving the lowest cost. 

9.3 Analysis of the impact of economic parameters 

This section presents an assessment of the economic viability of various integration 

concepts is conducted by analyzing the impact of fluctuating economic parameters. The aim 

is to investigate how price uncertainties, particularly in fuel and electricity, affect the 

economic outcomes of these concepts. As indicated in Table 15, the variable operating costs, 

primarily fuel and electricity costs, constitute the most substantial proportion of the LCOE. 
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These costs emerge as the crucial determinants that influence the economic feasibility of the 

concepts. To demonstrate the impact of these factors, Figure 60 (a) and (b) display how 

changes in fuel and electricity prices affect the heating production costs. 

 

Figure 60: Analysis of LCOE of both heat pump integration concepts at different electricity and fuel 

prices (a and b) and cost-effective electricity price and ratio compared to baseline scenario with 

varying fuel prices (c and d). 

Graph 𝑎 decipts that both heat pump integration scenarios are significantly impacted by 

fluctuations in electricity prices. At the current fuel price of 30.16 €/MWh, the LCOE of the 

flue gas-side integration concept decreases by 1.91 €/MWh for every 20 % reduction in 

electricity price in the present case study. In comparison, the LCOE of the network-side 

integration concept decreases by 2.26 €/MWh, indicating that this option is more sensitive 

to changes in electricity prices. 
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It is noteworthy that if the electricity price increases to around 200 €/MWh, the gas-side 

integration concept will become more expensive than the baseline scenario, and the cost 

difference will further escalate with rising electricity prices. Conversely, if the electricity 

price drops to around 135 €/MWh, the network-side integration concept becomes 

economically viable relative to the baseline concept. The variation in LCOE in the baseline 

scenario is attributed to the consumption of electricity by general equipment in the heating 

network, including lighting and pumps. 

Apart from the electricity price, the price of biomass fuel plays an even more crucial role 

in the economic viability, as the heat demand is met primarily by biomass fuel. As seen in 

graph 𝑏, the baseline scenario is more sensitive to biomass fuel price than both heat pump 

integration scenarios. With increasing fuel prices, using heat pumps becomes more cost-

effective compared to the baseline scenario, assuming constant electricity prices. Therefore, 

the more expensive the biomass fuel, the more significant the heat utilization from the fuel 

becomes. 

To investigate the correlations between the fuel and electricity prices, a sensitivity 

analysis was conducted to identify the highest economically feasible electricity price for 

implementing the integration concepts at various fuel prices. The results of this investigation 

are displayed in Figure 60 (𝑐) and (𝑑). Analysis of the graph reveals that the economically 

viable highest electricity price increases with rising fuel prices. In other words, as the fuel 

price increases, the economically feasible ratio between electricity and fuel prices also 

increases. Given the possibility of a substantial increase in fuel prices in the future, both 

integration concepts will likely be economically viable. A comparative analysis between the 

two integration concepts shows that the flue gas-side integration scenario exhibits greater 

elasticity and tolerance to variations in fuel and electricity prices. This is evidenced by the 

fact that the economically viable maximum price ratio in the flue gas-side integration 

scenario consistently exceeds that of the network-side integration scenario. 
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10.  Techno-economic analysis of the HP-CHP integration 

concepts 

The analysis in Chapter 9 indicated that the high price and high CO2 emission factor 

associated with the electricity from the public grid might render the heat pump integration 

concepts less attractive. To mitigate dependence on external power supplies due to heat 

pump power consumption, the integration of additional components for self-generating 

electricity can be considered. In this chapter, three pre-selected possibilities of small-scale 

cogeneration technologies, as introduced in Section 3.1.3, are integrated into the system. To 

perform the analysis, the following scenarios are defined: 

1. Baseline system: Renovation with a boiler without ECO, COND, and HP 

2. HP-only system: Renovation with a smaller boiler with ECO and COND, and a flue 

gas-side integrated heat pump  

3. HP-ORC system: Renovation with a smaller boiler with ECO and COND, a flue gas-

side integrated heat pump and an ORC unit for cogeneration 

4. HP-SRC system: Renovation with a smaller boiler with ECO and COND, a flue gas-

side integrated heat pump and a SRC unit for cogeneration 

5. HP-GCHP system: Renovation with a smaller boiler with ECO and COND, a flue 

gas-side integrated heat pump and a GCHP unit for cogeneration 

The baseline and HP-only systems are chosen as comparison scenarios. Descriptions and 

analyses of the mass and energy flow of these predefined systems can be found in Section 

3.2. The design of these systems employs the same assumptions presented in Chapter 9. In 

all scenarios, the heat pump is integrated on the flue gas side by default. 

In the HP-ORC system, the refrigerant MDM (Octamethyltrisiloxane) is selected as the 

working fluid and a recuperator is utilized [206,207]. For the HP-GCHP system, a 

gasification efficiency of 85 % is assumed for the GCHP unit. [151,208]. As the biomass 

gasifier of the GCHP unit has specific requirements concerning the fuel: its water content 

should be lower than 20 %, and the ash content should be as low as possible. The optimum 

fuel water content for the gasification process is about 10 % [209]. As a result, only wood 

pellets or dried and low-bark forest chips are suitable as input materials. For this case study, 
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the standard wood pellet from the data bank of WDesign [210] is selected, with its elemental 

composition of which is shown in Table 23 in Appendix F. 

10.1 Comparison of technical and economic results of the HP-
CHP integration concepts 

10.1.1 Comparison of component capacities and investments 

The upper part of Figure 61 presents the required nominal capacities of the different 

components for heat recovery and cogeneration units in various scenarios. As observed in 

the figure, the integration of cogeneration units significantly affects the dimensions of the 

boiler, heat exchanger, and heat pump. Specifically, the integration of cogeneration units in 

the HP-ORC and HP-SRC systems necessitates a greater biomass furnace capacity compared 

to the HP-only system. The reason for this is that the biomass furnace serves as the heat 

source for both the SRC and ORC cycles.  

Moreover, the sizes of heat recovery equipment, such as the economizer and heat pump, 

are nearly identical between the HP-ORC and HP-SRC systems, resulting in similar 

electrical power capacity of the cogeneration units in both scenarios. However, due to the 

relatively low electrical efficiency of the steam engine-based SRC cycle, the SRC unit has a 

rated thermal output of 145 kW with a power-to-heat ratio of 0.2, while the ORC unit has a 

rated thermal output of 113 kW with a power-to-heat ratio of 0.26. The HP-GCHP system 

necessitates a biomass boiler with a lower rated furnace capacity, where the energy input of 

the GCHP unit comes from additional biomass pellets. Additionally, it has a lower rated 

thermal output compared to the other two scenarios with cogeneration units. The power-to-

heat ratio of the GCHP unit is 0.58, which is more than twice that of the ORC option. 

The cost structure of the different scenarios is depicted in the lower part of Figure 61. 

This graph reveals that the investment costs increase to varying degrees compared to the HP-

only scenario due to the integration of cogeneration units. The HP-ORC system incurs the 

highest investment cost, with its total costs escalating from 441 k€ for the HP-only system 

to 682 k€, which is nearly twice of the investment cost of the baseline system. The majority 

of the investment increase is attributable to the cost of the ORC unit. In contrast, the 

investment cost of the HP-SRC system, featuring a steam engine, only rises to 598 k€, as the 

ORC equipment is much more expensive than steam cycle equipment. Among the three 
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scenarios with cogeneration units, the HP-GCHP system experiences the smallest increase 

in investment cost, totally approximately 574 k€, which is marginally less than the HP-SRC 

system. 

 

Figure 61: Required capacities and investment costs of various components for different renovation 

scenarios with and without CHP units. 

10.1.2 Comparison of energy supply and operating costs 

Figure 62 presents an analysis of the annual energy supply structure, the energy 

consumption of different components, and the composition of annual operating costs for 
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various integration scenarios. The upper left graph reveals that the further integration of a 

cogeneration unit leads to a more complex energy supply structure. Specifically, in the HP-

ORC and HP-SRC systems, the direct heating contribution of biomass boiler is significantly 

reduced, as part of its heat output serves as heat source to the ORC and SRC cycles. This 

heat is partially converted into electricity through the cycle, and partially returned as heat, 

which is indirectly fed back into the heat network. The direct heat supply from the biomass 

boilers in the HP-ORC and HP-SRC systems accounts for only 72.3 % and 69.9 %, 

respectively, of the total demand (7059 MWh). This reduction is attributable to the lower 

power-to-heat ratio of both cogeneration technologies. This means that more heat needs to 

be extracted from the biomass furnace for the same amount of electricity generation, which 

reduces the proportion of direct heat supply by the biomass boiler. In contrast, the HP-GCHP 

system has a higher contribution by the biomass boiler due to the higher power-to-heat ratio 

of the GCHP unit. 

 

Figure 62: Comparison of energy supplies, fuel consumption and operating costs of the different 

renovation concepts with and without CHP units. 

The lower left graph in Figure 62 illustrates the fuel consumption for different scenarios. 

The consumption of biomass wood chips in the HP-ORC and HP-SRC systems has 

significantly increased compared to the HP-only scenario, yet it remains lower than the 
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baseline system. The HP-GCHP system shows the lowest consumption of biomass wood 

chips, which is only 81 % of the baseline system. However, in addition to biomass wood 

chips, it also consumes 131 t of biomass pellets, which are more expensive. 

In all three scenarios with integrated cogeneration units, operating costs are significantly 

reduced as the electrical demand of heat pump is covered by biomass fuel. The results on 

the right side of Figure 62 indicate that the cost of biomass pellets required for GCHP is 

relatively high due to the high fuel requirement. Consequently, the operating cost reduction 

in the HP-GCHP scenario is only marginal. 

10.1.3 Comparison of the evaluation indicators 

Various evaluation indicators for HP-CHP integration concepts can be derived from the 

obove analysis. As shown in Table 16, the additional integration of cogeneration units results 

in a slight decrease in the overall energy efficiency compared to the HP-only system, but 

still remains approximately 10 % higher than the baseline system. 

Moreover, the table indicates that the high investment costs of the cogeneration units may 

eventually lead to an increase in the levelized heat production cost, despite their effective 

reduction of operating costs. Among the three systems with integrated cogeneration units, 

the HP-ORC system exhibits the highest increase in the LCOE, rising from 54.26 €/MWh to 

55.74 €/MWh, followed by the HP-GCHP system with 55.48 €/MWh. In contrast, the LCOE 

of the HP-SRC system has slightly decreased to 53.94 €/MWh. 

Table 16: Comparison of the different evaluation indicators for different renovation scenarios with 

and without CHP units. 

 baseline HP-only HP-ORC HP-SRC HP-GCHP nit 

spec. CAPEX 5.31 6.18 9.17 8.14 8.13 €/MWh 

spec. fix. 

OPEX 

2.38 2.41 3.98 3.43 3.30 €/MWh 

spec. var. 

OPEX 

46.92 45.67 42.59 42.37 44.05 €/MWh 

LCOE 54.61 54.26 55.74 53.94 55.48 €/MWh 

𝑓𝑙ℎ𝑣,𝑠𝑦𝑠 81.89 % 93.36 % 91.84 % 92.41 % 91.62 % - 

𝑒𝑃𝐸,𝑠𝑦𝑠 0.36 0.36 0.33 0.333 0.33 MWhPE/MWh 

𝑒𝐶𝑂2,𝑠𝑦𝑠 50.44 54.92 47.70 47.56 48.34 kgCO2/MWh 
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Conversely, the table highlights significant improvements in environmental indicators 

due to the integration of additional cogeneration units. In terms of primary energy demand 

and CO2 emissions, all three scenarios with cogeneration units perform better than both the 

HP-only scenario and the baseline scenario. The primary energy demand is reduced from 

about 0.36 to 0.33 MWhPE/MWh in all these scenarios, resulting in an overall reduction of 

9 % in primary energy demand. A similar trend is observed in CO2 emissions, which are 

reduced by approximately 15 % compared to the HP-only scenario upon integrating 

cogeneration units. Therefore, the additional integration of CHP units for onsite electricity 

supply is preferred from the environmental point of view under the current emission factor 

of the electricity mix. 

10.2 Analysis of the impact of technical parameters 

As previously discussed in Section 9.2, changes in the heat pump operating temperatures, 

particularly the target exhaust gas temperature, can lead to varying electricity demands. This 

also results in different design and operational conditions of the cogeneration units, 

ultimately affecting the techno-economic feasibility of the integration concepts. Besides, 

parameters such as biomass fuel water content and the full utilization hours of the integration 

systems also play a crucial role in determining the feasibility. This section will address the 

impact of these technical parameters on the further integration of cogeneration units in terms 

of the overall efficiency 𝑓𝑙ℎ𝑣,𝑠𝑦𝑠 and levelized heat production costs LCOE of the systems. 

10.2.1 Target exhaust gas temperature 

Figure 63 illustrates the changes in overall efficiency and LCOE for different HP-CHP 

integration concepts at varying target exhaust gas temperatures. The heat pump supply 

temperature is set at 65 °C. As shown in the figure, all three scenarios with integrated 

cogeneration units exhibit slightly lower system overall efficiency compared to the HP-only 

system across different exhaust gas temperatures. The system overall efficiency of each 

scenario reaches the maximum when the exhaust gas temperature is around 30 °C. Among 

these, the HP-ORC system consistently shows the highest LCOE, making it the least 

economically favorable option at the same exhaust gas temperature. In Contrast, the HP-

SRC system maintains the lowest LCOE among the three CHP-integrated scenarios, and its 
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economic viability surpasses that of the HP-only scenario when the exhaust gas temperature 

drops below 37 °C 

Furthermore, although the integration of cogeneration units may result in a decrease in 

economic performance compared to the HP-only scenario, selecting an appropriate exhaust 

gas temperature can still improve both the efficiency and economic viability of the system 

relative to the baseline system. Theoretically, it is possible to achieve system optimization 

in terms of efficiency, economic and environmental feasibility by further integrating 

cogeneration units compared to the baseline system. A detailed discussion will be carried 

out in Chapter 11 based on the proposed optimization approach. 

 

Figure 63: Correlations between overall efficiencies and LCOE of different HP-CHP integration 

concepts with varying target exhaust gas temperatures at HP-supply temperature of 65 °C. 

10.2.2 Fuel water content and annual full utilization hours 

Figure 64 presents the analysis of the overall efficiency and LCOE for different HP-CHP 

integration concepts at various fuel water contents. The left graph demonstrates that while 

all scenarios employing heat recovery techniques show a trend of efficiency improvement 

with increasing fuel water contents, the additional integration of cogeneration units results 

in a smaller overall efficiency gain compared to the HP-only system. As the fuel water 

content increases, the difference with the HP-only system becomes more significant. 
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The right graph indicates that fuel water content has a significant impact on the cost of 

different scenarios. The HP-SRC and HP-ORC system, along with the baseline system, are 

more sensitive to the water content of wood chips, as they solely rely on wood chips for 

energy. With an increase in wood chip water content, fuel prices decrease, leading to a 

corresponding reduction in LCOE. Notably, the HP-SRC system becomes more economical 

than the HP-only system when the fuel water content exceeds approximately 0.2 kg/kgwet fuel. 

Similarly, the HP-ORC system is more economical than the HP-GCHP system when the fuel 

water content surpasses 0.3 kg/kgwet fuel.  

From this analysis, it is evident that fuel water content has varying impacts on different 

HP-CHP integration concepts. Thus, it is essential to consider the fuel water content when 

selecting the most appropriate cogeneration technologies for on-site power supply of heat 

pumps. 

 

Figure 64: Analysis of overall efficiency and LCOE for different HP-CHP integration scenarios as 

a function of fuel water content at the full utilization hours of 5000 h. 
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Figure 65: Analysis of overall efficiency and LCOE for different scenarios as a function of full 

utilization hours of the biomass boiler at fuel water content of 0.3 kg/kgwet fuel. 

Figure 65 illustrates the changes in system overall efficiency and LCOE across different 

HP-CHP integration concepts with varying annual full utilization hours (FUH). The figure 

shows that the variation trend for different scenarios equipped with cogeneration units is 

consistent with that of the HP-only integration scenario. This suggests that the optimal FUH 

value is minimally affected by the installation of cogeneration units. 

10.3 Analysis of the impact of economic parameters 

This section analyzes the impact of variations in electricity and fuel prices on the 

economic viability of different HP-CHP integration concepts. It is assumed that fluctuations 

in the biomass pellet price are approximately proportional to those in wood chip prices. 

Figure 66 illustrates how the LCOE varies with different electricity prices (graph a) and 

different wood chip prices (graph b). Graph a indicates that the trend of LCOE of the 

different HP-CHP systems with varying electricity prices is consistent with the baseline 

system, with all curves remaining parallel. This is because, after integrating the cogeneration 

units, the electricity price only affects the cost of electricity for the general equipment of the 

heating network. As a result, the sensitivity of LCOE to electricity prices is reduced.  

When the wood chip price is kept at 30.16 €/MWh, systems with integrated cogeneration 

units become increasingly economically advantageous compared to the HP-only system as 
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the price of electricity climbs. At an electricity price of about 250 €/MWh, the economic 

feasibility of the HP-GCHP system exceeds that of the HP-only system. When electricity 

price further increased to about 270 €/MWh, the economic feasibility of the HP-ORC system 

will also exceed that of the HP-only system. 

 

Figure 66: Analysis of LCOE of different HP-CHP integration concepts at different electricity and 

fuel prices (a and b) and cost-effective electricity price and ratio compared to HP-only scenario with 

varying fuel prices (c and d). 

Graph b shows that the systems with integrated cogeneration units exhibit only slightly 

greater sensitivity to fuel prices than the HP-only system. When the electricity price remains 

constant, the HP-only scenario remains the most economical across different fuel prices. 

Nevertheless, compared to the baseline scenario, the sensitivity of these three systems with 

integrated cogeneration units to biomass fuel prices is still significantly lower. This reduced 

sensitivity is attributable to the reduced use of biomass fuels. 
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To identify the feasible power-to-fuel price ratios that are suitable for integrating 

additional cogeneration units in comparison to the HP-only system, the bounds of cost-

effective electricity price, as well as the electricity-to-fuel price, are calculated for different 

wood chip prices. The results are demonstrated in graph c and d of Figure 66. For any given 

cogeneration technology, the integration is more economical compared to HP-only system 

only if the electricity price or the electricity-to-fuel price ratio exceeds the value indicated 

by the curve, assuming a constant fuel price. 



11 Implementation of system optimization 156 

11.  Implementation of system optimization 

11.1 Input data specification 

To implement the optimization approach proposed in Chapter 5, the third BHN is 

conceptualized to be upgraded to an integrate system that include an integrated heat pump 

and potentially an integrated cogeneration unit for onsite power generation, as outlined in 

Section 3.1.3. For comparison, the conventional renovation concept with a new biomass 

boiler without flue gas condensation is considered as the baseline. To initialize the 

optimization process, various initialization parameters such as demand and temperature data 

for the network, along with the range of the decision variables, are required as input for the 

framework, as described in Section 5.2. 

For this case study, it is assumed that the future heating load, ambient temperature, and 

humidity will remain constant at the same hourly averages as in the previous years. To satisfy 

the consumer temperature requirements, the supply and return temperatures of the network 

will also maintain their historical averages. As the system pre-configuration, the assumptions 

in Chapter 9 and Chapter 10 will be adopted to initialize the parameters. 

11.2 Optimization configuration 

This case study both flue gas-side and network-side connections for heat pump 

evaporators. The selection of the connection concept is adopted as binary input variable, 

where 𝓋 = 0  indicates the flue gas-side concept and 𝓋 = 1  indicates the network-side 

concept. If a cogeneration unit is to be integrated into the system (𝒷 ≠ 0), the heat pump 

power supply will primarily come from self-generated electricity. In the absence of a 

cogeneration unit (𝒷 = 0), the local public grid will fully supply the electricity power. 

Another decision variable is the air ratio λ for combustion, which ranges from 1.2 to 2.7 

[211,212].  

The thermodynamic design of the heat pump primarily depends on the target exhaust gas 

temperature 𝑇𝑒𝑥 that affects the evaporation temperature, the heat pump supply temperature 

𝑇ℎ𝑝 that affects the condensation temperature, and the choice of refrigerant that impacts the 

performance of the heat pump. In this case study, the threshold of the target exhaust gas 

temperature is set between 25 °C and 50 °C, considering the room temperature and the dew 
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point temperature of the flue gas. The heat pump supply temperature is set between 65 °C 

and 90 °C, considering the heat network constraints [213,214] and temperature requirements, 

with a precision of 0.1K. The refrigerant selection involves a preliminary analysis of various 

refrigerants' properties, particularly their evaporating temperatures at ambient pressure and 

critical points. The final refrigerants selected for the optimization in this case study include 

the most commonly used refrigerant R134a [202], the refrigerants R717 and R236fa used in 

the two real-world cases studied in this thesis, and the refrigerants R290, R600a, and 

R1234yf recommended in [203] for their low GWP.  

Table 17 summarizes the ranges for all decision variables and provides an overview of 

their mapping and precision. For configurating the optimization algorithm, the run mode is 

set to multi-threading optimization to accelerate the computation. The population size of the 

genetic algorithm is established at 100, and the maximum iteration number of generations is 

100. The non-negative scalar weight α1 vary in equal intervals from 0 to 1, with a granularity 

of 0.1.  

Table 17: Thresholds of the decision variables for this study. 

Type Decision 

variable 

Ranges Precision/ Mapping unit 

Continuous 𝜆  1.2: 2.7 0.1 - 

 𝑇𝑒𝑥  25: 50 0.1 °C 

 𝑇ℎ𝑝  65: 90 0.1 °C 

Discrete 𝓋  {0, 1} {flue gas-side, network-side} - 

 𝒷  {0, 1, 2, 3} {not integrate CHP, SRC, 

ORC, GCHP} 

- 

 𝓇ℯ𝒻  {0, 1, 2, 3, 4, 5} {R134a, R600a, R236fa, 

R717, R1234yf, R290} 

- 
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11.3 Optimization results and discussions 

11.3.1 Optimization results 

Figure 67 displays the Pareto optimization results derived from the optimization 

framework proposed in Chapter 5, where each point around the curve represents an optimal 

solution corresponding to different values of the non-negative scalar weight α1 . The 

combinations of the decision variables in the set of Pareto solutions, corresponding to 

various α1 values, are detailed in Table 18. It is noted that some optimization results for 

similar 𝛼1 values are too close to each other, resulting in an overlap of some points in the 

figure. 

For a detailed analysis, three scenarios are selected from these results and compared with 

the baseline scenario, which is also depicted in Figure 67. Where the minimal cost scenario 

(cyan dot) represents the scenario where only economic indicators are prioritized as the 

optimal design target, corresponding to 𝛼1 = 1. While the minimal emission scenario (blue 

dot) represents the scenario focusing solely on environmental indicators as the design target, 

corresponding to 𝛼1 = 0. And the trade-off scenario (green dot) represents the  balanced 

scenario where both economic and environmental indicators are given equal weight, 

corresponding to α1 = 0.5. These scenarios are highlighted in Figure 67, respectively. 

 

Figure 67: Pareto optimal solutions of the studied case. 
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Table 18: Optimal combinations of the decision variables of the Pareto solutions. 

Alpha 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

HP integration 
flue 

gas-side 

flue 

gas-side 

flue 

gas-side 

flue 

gas-side 

flue 

gas-side 

flue 

gas-side 

flue 

gas-side 

flue 

gas-side 

flue 

gas-side 

flue 

gas-side 

flue 

gas-side 

CHP type SRC SRC SRC SRC SRC SRC SRC SRC    

air ratio 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 

exhaust gas 

temperature (°C) 35.0 44.5 43.5 43.5 40.4 43.5 39.4 47.0 45.7 45.3 50.0 

HP supply 

temperature (°C) 65.0 65.0 65.0 65.0 65.1 65.0 65.0 65.0 65.2 65.3 65.0 

refrigerant R717 R236fa R600a R236fa R717 R600a R236fa R717 R717 R600a R600a 

Table 18 reveals that the integration of a cogeneration unit is not recommended in the 

minimal cost scenario (𝛼1 = 1), where only economic indicators are considered as the 

optimization objective. In this scenario, the target exhaust gas temperature should be set at 

the maximum of its allowed range, which results in a smaller heat pump size and a higher 

COP value. As shown in Figure 67, this scenario offers a distinct economic advantage over 

both the baseline scenario and the optimized scenarios. 

In the minimal emission scenario ( 𝛼1 = 0 ), the integration of a cogeneration unit 

contributes positively to emission reduction. Compared to the baseline scenario, this 

scenario reduces CO2 emissions by about 2.5 g/kWh, which corresponds to a reduction of 

5 %. Additionally, its LCOE is also reduced compared to the baseline scenario, by 0.34 

€/MWh. In this case, the optimal exhaust gas temperature is around 35°C, with R717 chosen 

as the refrigerant. 

For the trade-off option, the sum of the two normalized objective functions with equal 

weights is used as the final objective function. As shown in Figure 67, this alternative 

scenario is significantly more favorable than the baseline scenario in terms of both economic 

and environmental indicators. Meanwhile, integrating a cogeneration unit remains favorable 

under this scenario. However, the optimal exhaust gas temperature increases to 43.5 °C.  

It is noteworthy that the flue gas-side integration concept is recommended for all three 

solutions discussed here, and the air ratio remains at 1.2. A detailed techno-economic 

analysis of the selected solutions is conducted in Section 11.3.2. 
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11.3.2 Techno-economic and environmental analysis 

Figure 68 outlines the evaluation indicators for the four selected scenarios from technical, 

economic, and environmental perspectives, including overall efficiency, LCOE, and specific 

CO2 emissions. The graph indicates that the baseline scenario is inferior not only in terms of 

economic and environmental benefits compared to the other scenarios, but also regarding 

lower energy efficiency. Compared to the baseline scenario, the minimal cost scenario and 

the trade-off scenario are both about 8 %-points4 more energy-efficient, and the minimal 

emission scenario has an energy improvement of about 9%-points.  

 

Figure 68: Comparison of the technical, economic, and environmental evaluation 

indicators of the selected scenarios (upper: overall system efficiency, middle: levelized costs 

of heat production, bottom: specific CO2 emission). 

                                                 

4 absolute difference in energy efficiency 
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A detailed analysis of the technical, economic, and environmental aspects is presented 

below: 

Technical analysis  

For a more in-depth technical analysis of each scenario, the system energy expenditure 

and energy supply for each scenario are presented in Figure 69, while Table 19 shows the 

rated installed capacity of the main components in each scenario.  

 

Figure 69: Structures of the energy expenditures and energy supplies of the four selected 

scenarios. 

Table 19: Nominal capacities of different components. 

Capacities Baseline min. costs Trade-off min. emission unit 

BIO BOI 1199 1096 1083 1071 kWth 

COND 0 53 81 98 kWth 

ECO 0 52 51 51 kWth 

HP 0 60 94 120 kWth 

CHPth 0 0 77 123 kWth 

CHPel 0 0 16 25 kWel 

As seen from the figure, the biomass boiler (BIO BOI) in the baseline scenario has the 

highest fuel consumption, approximately 7722 MWh/a. The heat demand of the network of 

7059 MWh/a is met solely by the biomass boiler and the peak load boiler (PL BOI). For this 

scenario, the low consumption to output ratio leads to a low system energy efficiency. To 
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guarantee the heating performance over the year, the biomass boiler should have an installed 

capacity of 1199 𝑘𝑊𝑡ℎ. 

Due to the benefits of the heat pump, the system efficiency in the minimal cost scenario 

is increased, and its fuel consumption was reduced by 689 MWh/a, which is 9 % of the 

consumption in the baseline scenario. In this scenario, the heat pump expends 42 MWh of 

electricity, which is almost negligible compared to the total energy consumption, while 

providing 318 MWh of heat demand, accounting for 4.5 % of the total demand. The annual 

performance exceeds 7. The main reason for such a high heat pump efficiency is its low 

difference between evaporation and condensation temperatures, which is only 15 °C, as 

shown in Table 18. In addition to the heat pump, the economizer can provide a part of the 

heating load, which contributes about 4.0 % of the total demand. To achieve the target heat 

recovery rate, the required nominal capacity of the heat pump is 60 kWth, combined with a 

flue gas condenser with 53 kWth , and an economizer with 52 kWth . As a result of the 

contribution of the heat recovery components, the required nominal boiler capacity can be 

reduced from 1199 kWth. to 1096 kWth. 

In the trade-off scenario, the energy input to the system remains primarily wood chips 

and there is no more electrical input. However, the total fuel consumption is reduced 

considerably compared to the baseline scenario due to heat recovery. Because the system is 

equipped with a SRC based cogeneration unit, the electricity for the heat pump is obtained 

completely from self-sufficient production. The fuel consumption of the boiler is 6957 

MWh/a, which is 90 % of the baseline scenario, which is similar to the least cost scenario. 

However, since the SRC-based cogeneration unit requires heat from the biomass boiler, it 

reduces the net heat output of the boiler. In this variant, the heat demand covered by the 

boiler is 5393 MWh, which corresponds to 76.41 % of the total demand. For the remaining 

demand, 4% is supplied by the ECO, 7.2 % by the boiler, and 5.9 % by the SRC. The nominal 

electrical power of the cogeneration is 16 kW𝑒𝑙, which needs to be sufficient to cover the 

electrical power demand of the heat pump. 

In the last option, the minimal emission scenario, which is also equipped with a 

cogeneration unit, the target exhaust gas temperature is reduced from about 50 °C to 35 °C. 

As a result, the required nominal capacity of the flue gas condenser and heat pump doubles 

as the working temperature difference of the heat pump increases. Correspondingly, the rated 

electrical power of the CHP unit increases to 25 kW𝑒𝑙 . With the increased amount of 
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recovered heat, the overall system efficiency is also effectively improved. In this context, 

the biomass boiler capacity decreases further to 1071 kW𝑡ℎ , due to the increase in the 

contribution of other system components. In terms of energy consumption and supply, both 

the boiler fuel consumption and its share of heating supply are further diminished. The wood 

chip consumption for the biomass boiler is reduced to 6880 MWh, which accounts for a 

11 % reduction compared to the baseline scenario. On the energy supply side, the 

contribution of biomass boiler is correspondingly reduced to 71 % of the total annual load, 

while the heat pump supply is increased to almost 10 % due to the recovery of the waste heat 

at low temperatures. The heat pump COP decreases to 3.3 in this scenario, due to the higher 

temperature difference between evaporation and condensation compared to the other two 

scenarios. The heat supply from the cogeneration unit increases to 667 MWh, or 9.45 % of 

the total demand, due to the increased electricity generation for the heat pump. 

From the above results and analysis, it can be observed that the share of heat supplied by 

the biomass boiler decreases from left to right in the four scenarios mentioned above. The 

change in system efficiency is inversely correlated with this. In general, the integration of 

heat pumps can effectively improve overall system efficiency and reduce the energy 

consumption of the entire system. By comparing the minimal cost scenario and the trade-off 

scenario, it can be found that the further integration of the cogeneration unit has little effect 

on system efficiency, when the heat pump operating temperatures remain constant. When 

comparing the minimal emission scenario with other scenarios, it can be observed that the 

amount of wood chip fuel required by the boiler is further reduced, since more heat is 

covered due to the lower exhaust gas temperature. However, the rated capacity of the SRC-

based cogeneration unit in the minimal emission scenario improve as the heat pump 

electricity demand grows. This results in higher investment in the system and makes the 

economic feasibility of this scenario open to discussion. In the following, a detailed 

economic analysis of the system is discussed. 

Economic Analysis 

Figure 70 displays the cost structure of the four scenarios, where the inner ring at the top 

shows the share of CAPEX and OPEX , and the outer ring illustrates the detailed percentages 

of various components. CAPEX includes the capital costs of the different system 

components, including biomass boilers, heat exchangers, heat pumps, and CHP unit, while 

OPEX consists of the energy purchase costs plus cleaning and maintenance costs. The 
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absolute values of the total annualized costs and levelized costs for each component are 

shown in the bar diagram below. 

 

 

Figure 70: Costs structures of the four scenarios (upper graph:inner: CAPEX vs. OPEX, 

outer: costs from various compositions). 

It can be noticed from the graph that the capital cost share is significantly smaller than 

the operating cost for all four scenarios. The baseline scenario has the lowest capital cost 

share of 9.9 %, amounting to an absolute value of approximately 37 k€/a. Due to the lowest 
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system efficiency, this scenario has the highest operating cost among all the scenarios at 342 

k€/a. Among these costs, 242 k€/a for biomass fuel accounts for the largest share of 63.8 % 

of the total cost. 

With the integration of the heat pump and heat exchangers, the capital cost of the minimal 

cost scenario increases to 42 k€/a, representing 14.4 % of the total annualized cost. The 

investment costs of the biomass boiler decreased slightly in absolute terms, but its share 

remained almost the same, while the rest of the investment came from the heat recovery 

equipment, of which the flue gas condenser and the heat pump accounted for 0.8 % and 

0.4 % of the total costs, respectively. Benefiting from the heat recovery in the exhaust gas, 

the operating costs in this scenario are reduced to 327 k€/a. The share of biomass fuel for 

the boiler decreases from 63.8 % to 59.6 %. The expenditure on electricity for the heat pump 

amounts to 9.5 k€/a, with a share of only 2.3 % of the total. 

In the trade-off scenario, the capital cost increases to 52 k€/a due to the integration of the 

SRC unit, which is 24 % more than the minimal cost scenario. The capital cost of the CHP 

takes up 1.7 % of the total annualized costs, and its relative share of the total investment cost 

stands at 12.1 %. While the capital costs increase, the annual operating costs of this scenario 

have slightly decreased compared to the minimal cost scenario, reaching 321 k€/a. Among 

the operating costs, the expenditure on fuel for the biomass boiler is 218 k€/a, representing 

58.4 % of the total costs. while the fixed operating costs, i.e., the O&M costs for the system 

components, increase from 4.6 % in the minimal cost scenario to 5.8 % in the trade-off 

scenario, which is primarily attributed to the maintenance of the CHP unit. 

Among all these scenarios, the minimal emission scenario has the highest capital cost of 

14.9 % of the total cost. Due to the increase in the capacity required for the integrated system 

components, the annualized capital cost of this scenario increases to 56 k€/a, 33 % more than 

that of the minimal cost scenario. This includes 9 k€/a for the CHP unit, which represents 

15.4 % of the total investment cost, and more than a third of the investment cost of the 

biomass boiler. Investments in the flue gas condenser and heat pump also increased to 3.8 

k€/a and 3.1 k€/a, accounting for 1.0 % and 0.8 % of the total costs, respectively. The 

operating costs in this scenario identical with the trade-off scenario. Overall, this scenario is 

the most economically disadvantageous due to its high capital costs. 
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Environmental Analysis 

For a comprehensive system analysis, environmental performance must also be 

considered alongside technical and economic feasibility. First, it can be inferred from the 

previous analysis that the integration of heat pumps and heat exchangers alone cannot 

contribute to the reduction of the carbon emission of the system. As shown in Figure 71, all 

emissions caused by heat production in the baseline scenario originate from the combustion 

of wood chips. Among all scenarios, although wood chips are the most consumed, CO2 

emissions generally arise from the peak-load boiler and general electricity use for other 

equipment, such as pumps. But since these consumptions are fixed, the difference in total 

emissions across scenarios comes primarily from the amount of wood chips consumed and 

the electricity used to drive the heat pump. 

In the minimal cost scenario, although the wood chip consumption is reduced by 690 

MWh, an additional 42 MWh of electricity is consumed for driving the heat pump. Due to 

the higher carbon emission factor of 366 gCO2/kWh of electricity from the public grid, the 

total carbon emissions in this scenario exceed those of the baseline.  

In contrast, the minimal emission scenario shows a decrease in the system's economic 

feasibility with the integration of the cogeneration unit (see Figure 68), yet it results in a 

significant reduction in overall system emissions. Compared to the baseline scenario, this 

scenario reduces CO2 emissions by 5 %, yet the levelized costs of heat become higher than 

minimal cost scenario.  

As a trade-off, the target exhaust gas temperature is set higher to reduce the required 

capacity of the heat pump and cogeneration unit. This is achieved at the expense of efficiency 

to ensure both low cost and low emissions. The trade-off scenario results in a 4.5 % reduction 

of CO2 emissions compared to the baseline solution, while also ensuring the affordability of 

the system. Due to the low emission factor of wood chips, the integration of the cogeneration 

unit results in a significant reduction in the CO2 emissions of the electricity required by the 

heat pump, thereby decreasing the overall CO2 emissions of the system. Thus, the integration 

of cogeneration units allows for lower CO2 equivalent emissions at the expense of certain 

affordability, while ensuring a higher system energy efficiency in the biomass heating 

network. 
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Figure 71: Analysis of CO2 emission in various scenarios. 

Based on the analysis of the aforementioned three aspects, it can be concluded that the 

proposed design approach of the integrated system significantly increases system overall 

efficiency while fulfilling the same heating demand. Utilizing the simulation-optimization 

framework, decision-makers can adopt the appropriate system design solutions according to 

their specific requirements. In the presented case study, integrating a cogeneration unit for 

self-power generation is not recommended for the minimal cost scenario, as the high 

investment and maintenance costs of the cogeneration unit can undermine the economic 

viability of the system. However, the cogeneration unit can effectively provide electricity 

for the heat pump and reduce the CO2 emissions of the overall system. As a trade-off, the 

target exhaust gas temperature can be adjusted to a higher value, which reduces the required 

heat pump capacity and the corresponding CHP capacity, thus reducing the investment cost 

of the system. The cogeneration technology recommended for this case study is the SRC 

unit. This trade-off scenario is recommended when the balance between economic and 

emission goals is to be met, which enables the simultaneous achievement of an optimal 

system in techno-economic and environmental aspects. 
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12.  Conclusion and outlook 

In this thesis, a general approach for integrating compression heat pumps into biomass 

heat networks for heat recovery is proposed and analyzed starting from the real laboratory, 

taking into account the different connection variants. For this purpose, Chapter 2 introduces 

the technologies of the system components involved in this research, including their 

fundamental principles and the current state of art. Chapter 3 outlines how different system 

components can be integrated into the system. It defines the systems with different 

integration concepts and analyses the complexity of the different systems based on their 

mass and energy flows. 

For implementing these integration concepts, a detailed simulation is proposed in 

Chapter 4. The proposed model allows for the integration of heat pumps either into a flue 

gas condenser or into the return flow, facilitating innovative integration of flue gas 

condensing technology with heat pumps into networks with high return temperatures. 

Additionally, the model also accommodates the integration of a cogeneration unit for 

powering the heat pump. Furthermore, key figures are established to evaluate the integration 

concepts from thermodynamic, economic and ecological perspectives. To facilitate 

simulation-based multi-objective optimization, the proposed simulation model is coupled 

with a genetic algorithm (Chapter 5). This optimization framework enables the optimal 

integration of heat pumps and their self-power generation units, taking into account the 

thermodynamic processes and the interactions between the system components, as well as 

the techno-economic performance and environmental impact. 

To verify the proposed simulation model and evaluate the effectiveness of integrating 

heat pumps in real-world scenarios, three biomass heating networks are investigated, as 

detailed in Chapter 6. This chapter provides comprehensive information of these biomass 

heat networks (BHN), including their system configurations, technical parameters, and 

operating data. Among these networks, two have already been equipped with compression 

heat pumps using different integration methods, while the third network represents a typical 

conventional BHN in Germany without flue gas condensation and heat pump. This network 

had previously experienced problems with flue gas condensation due to the lack of 

integration of heat pumps. 
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For validation purposes, measured data of the first and second networks are fed into the 

model, enabling the simulation of both networks. The simulated results in Chapter 7 show 

minor deviations from the measured values at the respective input parameters. Besides, 

Chapter 7 also provides a comparative analysis of the three biomass heating networks with 

respect to their energy efficiency and the effectiveness of their flue gas condensation 

systems. The evaluation based on the real operating data yielded the following results: 

 The comparison of the three investigated cases reveals that the integration of heat pumps 

in the first two BHNs increases total efficiency (related to the lower heating value) by 

over 17%. In contrast, the third BHN displays significantly lower average efficiency due 

to its oversized biomass boiler and high excess air, making it unsuitable for flue gas 

condensation. 

 The analysis of the operating data indicates that the full utilization rate of the heat 

recovery equipment in the first and second BHNs is low, which affectes the economic 

viability.  

 Due to the electrical energy consumption of the heat pump, the integration leads to higher 

specific equivalent CO2 emissions and primary energy demand for the whole system 

under current emission factor from the electricity mix.  

 The comparative analysis of three investigated biomass heating network showes that flue 

gas condensation in combination with a heat pump can operate reliably over the long 

term. Since condensation only occurs at temperatures below about 55 °C, the operation 

of the flue gas condenser is affected by fluctuating operating temperatures. Utilizing a 

heat pump helpes to stabilize the fluctuating return temperatures, ensuring consistent 

condensation. 

 The analysis also highlighted technical challenges in designing a flue gas condensation 

system, such as preventing corrosion and stabilizing fluctuating return temperatures. 

Chapter 8 presents a thermodynamic analysis focusing the impact of technical 

parameters on the heat pump design and on the overall biomass district heating system, using 

the hydraulic diagram and technical parameters of the first investigated BHN as an example. 

The analysis identifies several crucial technical parameters, such as the target exhaust gas 

temperature, heat pump supply temperature, and choice of refrigerant, due to their significant 
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impact on heat pump design. The analysis under various conditions led to several key 

conclusions: 

 The overall efficiency of a biomass district heating system with an integrated heat pump 

is not solely dependent on the exhaust gas temperature, unlike standard biomass heating 

systems. Instead, the electrical power demand of the heat pump is also a critical factor 

affecting overall efficiency. Consequently, the system's overall efficiency does not 

always increase as the exhaust gas temperature decreases. Fuel water content and air 

ratio are additional factors influence the effectiveness of heat pump integration. Thus, 

these factors must be carefully considered in the design process. 

 The supply temperature of the heat pump has a minimal impact on the overall 

performance of the system. However, it does significantly affect the size of the heat 

pump. Higher flow temperature necessitate larger heat pump dimensions, which results 

in increased investment and operating costs. Therefore, the selected supply temperature 

for a heat pump should be only as high as necessary, to avoid incurring excessive system 

costs. 

 The choice of refrigerant does not have a significant effect on the system overall 

efficiency. However, it does affect the COP of the heat pump. The analysis indicated 

that refrigerant R236fa performs best at high target exhaust gas temperatures, while 

R717 performs better at low temperatures. R600a is suitable for both temperature levels 

and, based on its properties, it is the recommended for the case studied in this analysis. 

For better comparison and in-depth analysis of the heat pump integration concepts, 

Chapter 9 represents a comprehensive techno-economic analysis of two different heat pump 

integration concepts based on the third biomass heating network. Following the integration 

approaches proposed in Chapter 4, both different integration concepts,i.e., the flue gas-side 

integration and network-side integration, are implemented by simulation. The analysis in 

this chapter showed that:  

 Both integration concepts can improve the system efficiency by over 10%. In the flue 

gas-side integration scenario, operating costs are significantly reduced, although 

investment costs increase due to the integration of heat recovery components. 

Consequently, the levelized heat production costs are reduced. 
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 Analysis of various technical parameters reveals that exhaust gas temperature has a 

significant influence on both the system overall efficiency and heating production costs. 

Setting an appropriate exhaust gas temperature can enable both integration concepts to 

be implemented more cost-effectively. From a techno-economic perspective, the heat 

pump supply temperature should also be designed to be as low as possible. 

 Further investigation into different fuel water contents indicates that both integration 

concepts are more favorable from an energy perspective at higher fuel water content, 

though less cost-effective. Additionally, choosing the correct full load utilization hours 

for the integrated biomass heating system is crucial. Values that are too low or too high 

could adversely affect the system efficiency and economic viability. In the case studied, 

the optimal range for this parameter is identified as between 5000 and 5500 hours. 

 Finally, the analysis of the economic parameters indicates that the economic viability of 

both integration concepts is sensitive to the ratio of the electricity price to biomass fuel 

price. The higher the fuel price, the higher the price ratio will also be. Since fuel prices 

are likely to rise sharply in the future, both concepts are deemed economically viable 

under such circumstances. 

Furthermore, Chapter 10 focuses on analyzing the techno-economic feasibility of 

integrating additional cogeneration units for onsite electricity supply for the heat pump.  

 The techno-economic analysis reveals that the integration of additional cogeneration 

units may not always be economically feasible, primarily due to the high investment 

costs. For the studied case, only the HP-SRC integration scenario is more economical 

than the HP-only scenario, based on the given assumptions. However, incorporating low 

carbon self-power generation unit can effectively reduce CO2 emissions and primary 

energy demand, considering the high CO2 emission factor of grid electricity. In these 

three HP-CHP integration scenarios, the primary energy demand is reduced by 

approximately 9 % and CO2 emissions by approximately 15 %. 

 The analysis of the impact of various technical parameters reveals that all HP-CHP 

integration concepts can be implemented more economically by identifying the 

appropriate exhaust gas temperature. Additionally, changes in the fuel water content of 

the boiler affect the different HP-CHP integration concepts differently. This factor must 

be considered when selecting the most suitable CHP technology for onsite power 
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generation. In contrast, the optimal value of annual full  utilization hours of the integrated 

system are not affected by CHP integration. 

 The analysis of the economic parameters indicates that the sensitivity of the different 

integration scenarios of cogeneration units to the electricity price is reduced compared 

to the HP-only scenario. Under the current fuel price, higher electricity prices increase 

the viability of integrating additional cogeneration units. 

Chapter 11 focuses on testing the capabilities of the proposed optimization framework 

through a case study based on the third biomass heat network. This network, due to its long 

service life and inefficient operation, was chosen for renovation. By varying the weights of 

the objective functions, a set of Pareto optimal solutions and their corresponding 

combinations of decision variables were obtained. Among these optimization results, three 

feasible scenarios are investigated in detail: the minimal cost scenario, the minimal emission 

scenario, and the trade-off scenario. The detailed analysis of these scenarios shows that: 

 The integration of heat pumps can effectively improve the overall system efficiency and 

bring economic benefits to the system. In scenarios where environmental indicators are 

not a priority, the exhaust gas temperature should be set as high as possible, yet below 

the gas dew point temperature, to optimize economic benefits. 

 The further integration of a cogeneration unit can effectively reduce the equivalent CO2 

emissions of the entire system. However, under the conditions assumed in the study, 

integrating a cogeneration unit was not recommended for scenarios focused solely on 

economic indicators. This is due to the high initial capital costs associated with 

cogeneration units. 

 When aiming to satisfy both economic and emission targets, a balanced trade-off 

between these two indicators is suggested. This option ensures efficiency gains while 

simultaneously reducing heat costs and equivalent CO2 emissions of the system, 

achieving a harmonious balance between economic viability and environmental 

sustainability. 

In summary, this thesis develops a transferable methodology for optimizing biomass 

heating networks (BHN) through innovatively integratng heat pumps (HP) and, if necessary, 

cogeneration units for onsite-power supply. Besides, this thesis demonstrates the possibility 

of integrating heat pumps into biomass heating networks to ensure the effective utilization 

of biomass resources while satisfying the economic and environmental viability. The success 
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of this integration depends on careful selection of design parameters. The prices of biomass 

fuel and electricity are crucial factors affecting the economic viability of the integration 

concepts. 

The proposed simulation model and optimization framework allow decision-makers to 

achieve an optimal system design, considering the given constraints and the chosen 

objectives. Depending on the optimization objectives, the optimal system configuration, as 

well as the best combination of design parameters for the system components, can be 

determined. 

The increased complexity due to the integration of multiple system components presents 

a challenge and an opportunity for further research. Future studies could explore the general 

operation modes of system equipment for safer and more economical operation. 

Additionally, the detailed analysis suggests that fuel and electricity prices, along with 

emission factors, significantly impact the optimization results. Investigating the specific 

effects of various fuel and electricity sources and their price dynamics on optimization 

results could be a valuable direction for future research. 
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Appendix 

Appendix A. Determination of U-value of an indirect-contact flue gas 

condenser 

From the basics of heat transfer, it is known that the value of U is determined from the 

thermal circuit, using an analogy between thermal and electrical circuits. It is determined 

jointly by the heat transfer coefficients of the different layers. Among them, the convective 

heat transfer coefficient between the flue gas and the condenser tube is the key factor that 

usually produces the largest errors in the heat exchanger analysis. The convective heat 

transfer coefficient must be solved by empirical correlations, which usually has an error of 

10 % to 30 %, and sometimes worse [55]. 

To determine this value, the dimensionless parameter Nusselt number (Nu) is often used 

as an important parameter [215], which represents the ratio of convective to conductive heat 

transfer at the boundary and defined as: 

𝑁𝑢 =  
𝛼 ∗ 𝐿𝑐ℎ𝑎𝑟.

𝜆𝑓𝑔
1. 

Where 𝛼  is the heat transfer coefficient for the convective heat transfer between the 

condensing bundle and flue gas, which is a key parameter in determining the overall heat 

transfer rate. 𝜆𝑓𝑔 is the thermal conductivity of the flue gas. 𝐿𝑐ℎ𝑎𝑟. is the characteristic length 

of the heat exchanger, dependent on the geometry of the system under consideration [216].  

Nußelt number depends on the properties of the fluid. These properties can also be 

summarized as dimensionless groups of numbers, such as the Prandtl number (Pr) and 

Reynolds number (Re), Jacob number (Ja), etc. For designing the flue gas condenser, Zhang 

et al. [217] established a dimensionless formula to address the correlation among the Nu, Re, 

Ja. 

𝑁𝑢 =  𝑓(𝑅𝑒, 𝐽𝑎) =  𝐶 ∗ 𝑅𝑒𝑚 ∗ 𝐽𝑎𝑛 2.

The Reynolds number Re in this formula can be expressed as: 

𝑅𝑒 =
𝑢 ∗ 𝐿

𝜈
3. 
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Where u is the velocity of the flue gas, 𝜈 is the kinematic viscosity of the flue gas (m2/s), 

and L is the characteristic length of the flue gas flow over the condensation bundle. 

The Jacob number Ja is used to describe the heat transfer during phase transitions. For 

flue gas condensation it can be determined as the relative ratio of latent heat to sensible heat 

of flue gas in different conditions. Wang et al. [218] provided a modified equation for Ja to 

account for the driving force of the concentration difference between the mainstream flue 

gas and the condensing interface, which can be adapted as: 

𝐽𝑎 =
(𝑥𝐻20,𝑓𝑔,𝑖𝑛 − 𝑥𝑠𝑎𝑡 𝐻20,𝑓𝑔,𝑐𝑜𝑛𝑑) ∗ 𝑟

𝜌 ∗ 𝑐𝑝 ∗ (𝑇𝑓𝑔,𝑖𝑛 − 𝑇𝑓𝑔,𝑐𝑜𝑛𝑑)
4. 

Where 𝑥𝐻20,𝑓𝑔,𝑖𝑛 represents the water vapor content of the flue gas entering the condenser 

(kgH20/m
3

fg), 𝑥𝑠𝑎𝑡 𝐻20,𝑓𝑔,𝑐𝑜𝑛𝑑  represents the saturated water vapor content at the average 

temperature of the condensing surface (kgH20/m
3

fg). 𝑇𝑓𝑔,𝑖𝑛 and 𝑇𝑓𝑔,𝑐𝑜𝑛𝑑represent the entering 

temperature of the flue gas in the condenser and the average temperature of the condensing 

surface (°C), respectively. r represents the latent heat of condensation of water vapor (kJ/kg). 

𝑐𝑝 represents the specific heat capacity of water (kJ/kgK). 

The m and n in Equation 2. represent the exponential factors corresponding to Re and Ja 

number, respectively. These two values need to be obtained through a series of experimental 

measurements to accurately define the function. 

 

Appendix B. Simplified model for calculating heat losses of a biomass boiler. 

 

Average surface temperature: 

𝑇𝑎𝑣𝑒 =  
𝑇𝐴 + 𝑇𝑟

2
5. 

Isobaric coefficient of thermal expansion of air: 

𝛽 =  
1

𝑇𝑎𝑣𝑒 + 273.15
6. 

Dynamic viscosity of air: 

𝛾 =  −312.66 + 447.22 ∗ 𝑒
𝑇𝑎𝑣𝑒

495.76 7. 
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Thermal conductivity of air: 

𝜆 =  24.14 + 9.07 ∗ 10−2 ∗ 𝑇𝑎𝑣𝑒
0.952 8. 

Prandtl number of air: 

𝑃𝑟 =  0.72 − 9.62 ∗ 10−4 ∗ 𝑇𝑎𝑣𝑒
0.57 9. 

Surface of the heat generator: 

𝐴 = (4 +  1.3 * Ph)0.5*f
h

10. 

Overflow: 

𝑙 = (0.8 +  0.09 * Ph)0,5*f
hr

11. 

Grashof number: 

𝐺𝑟 =  
9.81 ∗ ( 𝑙3 * 𝛽 * (𝑇𝐴 − 𝑇𝑟))

(𝜈 * 0.0000001) 2 
12. 

Rayleigh number: 

ra =  𝐺r*Pr 13. 

Auxiliary function f(Pr) : 

𝑓(𝑃𝑟) = (1 + (0.492 /𝑃𝑟)
9

16)
−

9
16

14. 

Nusselt number: 

𝑁𝑢 =   (0.825 +  0.387 ∗  (𝑟𝑎 ∗  𝑓(𝑃𝑟)) 
1
6)  2 15. 

Heat transfer coefficient: 

𝛼 = 𝑁𝑢 ∗  𝜆 ∗  
0,001

𝑙
16. 

Heat loss: 

�̇�𝑙𝑜𝑠𝑠 =
𝛼 ∗ 𝐴 ∗  (𝑇A - 𝑇𝑅)

1000
17. 
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Appendix C. Detailed representation of boiler 2 with integrated ORC unit and 

economizers 
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Figure 72: Detailed representation of Boiler 2 with integrated ORC unit and two economizers. 

 

Appendix D. Derivation of the minimal allowed electrical efficiency of the 

Rankine cycle 

From thermodynamics, it is known that the ratio 𝜉, representing the heat performance of 

the flue gas condenser �̇�𝑐𝑜𝑛𝑑to the furnace heat performance �̇�𝑓𝑢𝑟𝑛𝑎𝑐𝑒, can be considered 

constant when the fuel data and the operating parameters of the boiler and flue gas condenser 

remain unchanged. This is because the specific enthalpy change of the flue gas in furnace 

and in flue gas condenser remains constant in this situation. A change in the performance of 

the furnace indicates an increase in the fuel input and thus a proportional increase in the 

performance of the condenser: 

𝜉 =  
�̇�𝑐𝑜𝑛𝑑

�̇�𝑓𝑢𝑟𝑛𝑎𝑐𝑒

=
�̇� ∗ ∆ℎ𝑐𝑜𝑛𝑑

�̇� ∗ ∆ℎ𝑓𝑢𝑟𝑛𝑎𝑐𝑒
≈ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 18. 
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The heat performance of the flue gas condenser �̇�𝑐𝑜𝑛𝑑 and the furnace heat performance 

�̇�𝑓𝑢𝑟𝑛𝑎𝑐𝑒 can be determined as follows: 

�̇�𝑐𝑜𝑛𝑑 = 𝑃𝑒𝑙 ∗ (𝐶𝑂𝑃 − 1) 19. 

�̇�𝑓𝑢𝑟𝑛𝑎𝑐𝑒 = �̇�𝑏𝑜𝑖 + �̇�𝑡𝑜 𝑟𝑐 = �̇�𝑏𝑜𝑖 +
𝑃ℎ𝑝,𝑒𝑙

𝜂𝑒𝑙
20. 

Where 𝑃𝑒𝑙 represents the electrical demand of the heat pump. 𝜂𝑒𝑙 is the electrical efficiency 

of the Rankine Cycle. �̇�𝑏𝑜𝑖 is the boiler heat output, which should be greater than or equal 

to 0. In worst case the boiler output can be 0. With these equations, It can be deduced that: 

𝑃ℎ𝑝,𝑒𝑙 ∗ (𝐶𝑂𝑃 − 1) = (�̇�𝑏𝑜𝑖 +
𝑃ℎ𝑝,𝑒𝑙

𝜂𝑒𝑙
) 𝜉 21. 

𝑃ℎ𝑝,𝑒𝑙 ∗ (𝐶𝑂𝑃 − 1) ≥
𝑃ℎ𝑝,𝑒𝑙

𝜂𝑒𝑙
𝜉 22. 

𝜂𝑒𝑙 ≥
𝜉

𝐶𝑂𝑃 − 1
23. 

 

Appendix E. Default parameters for the simulation model 

 

Table 20: Investment costs [27,210,219], operation costs factor and lifetime of [220] the main 

components. 

Components Investment (€/unit) operation costs factor lifetime(a) 

Biomass firing 2011 ∗ 𝑃𝑛
0,6658  0.06 15 

Economizer 841 ∗ 𝑃𝑛
0.4786  0.02 20 

Flue gas condenser 4253 ∗ 𝑃𝑛
0.4730  

0.02 with heat pump 

0.08 without heat pump 

20 

Air preheating 1105 ∗ 𝑃𝑛
0.3663  0.02 20 

Flue gas pipe surcharge 107 ∗ 𝑃𝑛,𝑓𝑖𝑟𝑖𝑛𝑔
0.6378  0.02 15 

Heat pump 350 ∗ 𝑃𝑛
0.93

  0.025 20 

Gasifier CHP 6941 ∗ 𝑃𝑛,𝑔𝑐ℎ𝑝
0.791  0.1336 ∗ 𝑃𝑛,𝑔𝑐ℎ𝑝

−0.284  15 

Installation factor 1.3 for all components     
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Table 21: Prices for the calculation of variable operating costs. 

 Costs (€/MWh) Ref 

wood chips price in 2021 32.15 − 34.33 ∗ (𝑤 − 0.2) [221] 

Pellets price in 2021 (w=0.1) 48.3  [222] 

Electricity price in 2021 198.4  [223] 

Ash cleaning and disposal price 1.7  [224] 

 

Table 22: Reference values of the CO2 factor [180,225]. 

Energy source CO2 factor (g/kWh) 

Wood chips 20 

Pellet 27 

Electricity mix 366 
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Appendix F. Input parameters for the case studies 

 

 

Figure 73: Input data for case study: historic heating load, weather data and network temperatures 

of the investigated biomass heating network. 
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Table 23: Element compositions of chosen fuel for GCHP. 

Parameter Wood pellets for 

GCHP 

Unit 

Total water content 10 Ma% wet 

Higher heating value (HHV) 19.73 kJ/kg dry 

Lower heating value (LHV) 18.35 kJ/kg dry 

Ash content 1.0 Ma% dry 

Total chlorine content 0.0090 Ma% dry 

Carbon 50.0 Ma% dry 

Hydrogen 6.3 Ma% dry 

Nitrogen 0.10 Ma% dry 

Total sulfuric content 0.0250 Ma% dry 

Oxygen 42.57 Ma% dry 

 

Appendix G. Supplementary charts for analysis 

 

Figure 74: Heating coverage percentage of integrated biomass heating systems with different in the 

three scenarios considered in Section 9.2.2..  
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𝒓𝒆𝒇. Refrigerant (-) 

�̇�𝒓𝒆𝒇 Mass flow of refrigerant (kg/s) 
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𝑻𝒇𝒆𝒆𝒅
𝒏𝒆𝒕  Feed forward temperature of main network (°C) 

𝑻𝒓𝒆𝒕𝒖𝒓𝒏
𝒏𝒆𝒕  Return temperature of main network (°C) 

𝒙𝒊 Fuel element i composition (-) 

𝑯𝒇 Heating value of fuel (MJ/kg) 

𝑸𝒏 Nominal heat output (kW) 

𝑻𝒄𝒐𝒎𝒃𝒖𝒔𝒕𝒊𝒐𝒏 Combustion temperature (°C) 

𝑻𝒂𝒔𝒉 Ash temperature (°C) 
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�̇�𝒇𝒖𝒓𝒏𝒂𝒄𝒆 Furnace total performance (kW) 

𝑷𝒈𝒆𝒏.𝒆𝒍 Generator power output (kW) 

𝜼𝒈𝒆𝒏.𝒆𝒍 Generator efficiency (-) 

𝔃𝒎𝒊𝒏 Minimal operating modulation (-) 

𝔃𝒎𝒂𝒙 Maximal operating modulation (-) 

𝑻𝒊𝒏
𝒉𝒆𝒙 Inlet temperature of heat exchanger (°C) 

𝑻𝒐𝒖𝒕
𝒉𝒆𝒙 Outlet temperature of heat exchanger (°C) 

∑ 𝒚𝒇𝒈,𝒊𝒏
𝒉𝒆𝒙  

Inlet flue gas composition of heat exchanger (-) 

∑ 𝒚𝒇𝒈,𝒐𝒖𝒕
𝒉𝒆𝒙  

Outlet flue gas composition of heat exchanger (-) 

�̇�𝒉𝒑 𝒆𝒗𝒂𝒑 Heat source for heat pump evaporator (kW) 

�̇�𝒄𝒐𝒏𝒅 Heat output of flue gas condenser (kW) 

�̇�𝒕𝒐 𝒉𝒑 𝒆𝒗𝒂𝒑
𝒄𝒐𝒐𝒍𝒆𝒅 𝒏𝒆𝒕 Diverted network water flow to heat pump evaporator (kg/s) 

𝑻𝒕𝒐 𝒄𝒐𝒏𝒅
𝒄𝒐𝒐𝒍𝒆𝒅 𝒏𝒆𝒕 Temperature of cooled return flow (°C) 

�̇�𝒇𝒈,𝒍𝒂𝒕𝒆𝒏𝒕 Latent heat performance of flue gas condensation (kW) 

𝑻𝒅𝒆𝒘
𝒇𝒈

 Dew point of flue gas (°C) 

𝑻𝒉𝒑 Heat pump supply temperature (°C) 

�̇�𝒉𝒑 Heat output of heat pump (kW) 

𝑷𝒉𝒑,𝒆𝒍 Electricity demand of heat pump (kW) 

�̇�𝒕𝒐 𝒄𝒉𝒑 Required heat demand of CHP units (kW) 

�̇�𝒄𝒉𝒑 Heat supply of CHP units to network (kW) 

𝒇𝒔𝒊𝒛𝒆 Sizing factor (-) 

𝑺𝒕 Set of time series over a year (-) 

𝒅𝒕 Time interval of the demand time series (h) 

𝒇𝒍𝒉𝒗,𝒔𝒚𝒔 System overall energy efficiency (-) 

𝒇𝒆𝒙,𝒐𝒗𝒆𝒓𝒂𝒍𝒍 System overall exergy efficiency (-) 

𝑷𝒔𝒖𝒓𝒑𝒍𝒖𝒔 Performance surplus electricity (kW) 

𝑷𝒆𝒍 𝒇𝒓𝒐𝒎 𝒈𝒓𝒊𝒅 Auxiliary electricity for power grid (kW) 

𝜷𝒇 Merit of the fuel (-) 

𝑰𝒄 Initial investment of component c (€) 
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𝒂𝒊𝒏𝒗,𝒄 Annualization factor of component c (1/a) 

𝒇𝒐&𝒎,𝒄 Operating and maintenance factor (-) 

𝓬𝒇,𝒊 Price of fuel I (€/kWh) 

𝓬𝒆𝒍 Price of electricity (€/kWh) 

𝓬𝒂𝒔𝒉 & 𝒄𝒍𝒆𝒂𝒏𝒊𝒏𝒈 Price of ash disposal and cleaning (€/kWh) 

𝓮𝑪𝑶𝟐,𝒔𝒚𝒔 System specific equivalent CO2 emissions (kgCO2/kWh) 

𝒇𝑪𝑶𝟐 CO2 emission factor (kgCO2/kWh) 

𝓮𝑷𝑬,𝒔𝒚𝒔 System specific equivalent primary energy demand (kWhPE/kWh) 

𝒇𝑷𝑬 Primary energy factor (kWhPE/kWh) 

𝓿 Connection variant of the heat pump (-) 

𝓫 Type of CHP unit (-) 

𝒍𝒃 Lower boundary (-) 

𝒖𝒃 Upper boundary (-) 

𝛂𝒊 Non-negative scalar weight (-) 

�⃗⃗⃗� Vector of the decision variables (-) 

𝒇𝒊(�⃗⃗⃗�) Objective function i (-) 

𝒇𝒊
𝒖𝒕 Utopia points of the 𝑖 corresponded 𝑓𝑖(�⃗�) (-) 

𝒇𝒊
𝒏𝒂 Pseudo nadir points of the 𝑖 corresponded 𝑓𝑖(�⃗�) (-) 

𝒇�̂�(�⃗⃗⃗�) Normalization function i (-) 
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