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Abstract 

The significant share of heating, the increasing demand of cooling and the increasing trend 

towards smart energy systems has made sustainable district heating and cooling (DHC) a viable 

option for future energy supply in European households. The temporal mismatch between sup-

ply and demand is a major obstacle towards the increased utilization of solar energy and waste 

heat, which can be overcome by seasonal energy storage technologies. Borehole thermal energy 

storage (BTES) is such a technology. Due to complexity of smart DHC networks, BTES systems 

need to be implemented considering their interaction with other system components. This has 

been a main issue that has led to reduced efficiency of some existing projects. Consequently, to 

exploit BTES systems in sustainable thermal load supply, design guidelines are required for 

their efficient integration in DHC networks. 

In this study, Considering the experience from demonstration and pilot projects, different con-

figurations of BTES systems are proposed. The scenarios are categorized into solar-coupled or 

standalone for heating or combined heating and cooling applications, which are modelled and 

parametrized in TRNSYS. The proposed scenarios need to be evaluated from technical, eco-

nomic and environmental points of view in order to ensure efficient operation and to promote 

market growth. To do so, a dynamic exergo-economic assessment approach is adapted to geo-

thermal systems and is utilized to optimize the scenarios from technical and economic aspects. 

Moreover, an enviro-economic method is utilized to simultaneously minimize cost and emis-

sions. Finally, the results from exergo- and enviro-economic methods are compared and dis-

cussed.   

For conducting multi-objective optimizations using the proposed evaluation methods, different 

computational models are proposed and improved at each stage of this study. Initially, a direct 

optimization approach is developed by coupling TRNSYS and MATLAB. Thereafter, to cope with 

the high computational cost of the required long-term assessments of geothermal systems, an 

indirect optimization method is proposed. The indirect method utilizes an artificial neural net-

work (ANN) as a proxy model in an intermediate step of the multi-objective optimization pro-

cedure. Furthermore, parallel computation of the objective functions is implemented in the 

computational model to enhance the speed of the direct and indirect optimizations. Finally, a 

step-wise optimization method is developed for the operational optimization and control of 

geothermal systems. 

Utilizing the developed computational models, multi-objective optimization results of solar-

coupled and standalone geothermal layouts reveal that the lowest emissions are realized by 

central solar-coupled systems, which are discharged actively by heat pumps. Lowering grid tem-

perature level of solar-coupled systems using decentral heat pumps leads to efficient system 

designs with lower costs, though the most efficient system layouts consist of central heat pumps. 

Moreover, standalone geothermal systems with passive cooling are suggested as systems with 

the lowest costs as well as reasonably low emissions and thermodynamic inefficiencies for com-

bined heating and cooling applications. Finally, a hybrid design of solar-coupled and standalone 

geothermal layouts for combined heating and cooling applications improves the system’s per-
formance compared to each layout separately.  

The comparison between the results of exergo- and enviro-economic optimization methods con-

firms that an increase in exergetic efficiency leads to a decrease in environmental impacts and 

both methods show the same ranking for the evaluated scenarios. Enviro-economic approach is 
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suggested for defining dimensions of geothermal systems, which needs to be supplemented by 

the developed dynamic exergy analysis to analyze and optimize the operation of different com-

ponents of a geothermal layout. Finally, the combination of an ANN and multi-objective opti-

mization methods has proven to be an accurate and robust approach for long-term evaluation 

and comparison of geothermal heating and cooling systems. 
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Preface 

The PhD dissertation is based on a research proposal at the Geothermal Science and Technology 

group of TU Darmstadt to assess efficient integration of geothermal systems in DHC grids. My 

research was funded through a scholarship by the Darmstadt Graduate School of Excellence 

Energy Science and Engineering (GSC 1070), which is financed by the German Research Foun-

dation (DFG) in the framework of the Excellence Initiative. 

Technical, environmental and economic assessment of geothermal systems were already a main 

focus of the works of my colleague Dr.-Ing. Bastian Welsch. He conducted comprehensive par-

ametric studies to optimize BTES systems separately (Welsch et al. 2016a) or as a component 

of DH grids (Welsch et al. 2018). My colleague Dr.-Ing. Daniel Schulte assessed numerical mod-

elling and simulation of BTES systems (Schulte 2016). He carried out optimization studies to 

optimize the size of the BTES systems, utilizing Proxy models (Schulte et al. 2016a). In parallel 

to me, my colleague Julian Formhals focused on model development of BTES systems (Formhals 

et al. 2021b) in Modelica, MoBTES. Later on, he complemented his work by developing com-

ponents of SDH, called MoSDH. Utilizing the developed models, he assessed different transition 

strategies towards a SDH grid with integrated BTES (Formhals et al. 2021a). 

As a complement of the previous works in our working group, I focused on development of 

evaluation methodologies and multi-objective optimization methods for designing geothermal 

systems in DHC grids. The highlights of my work can be summarized as follow: 

1) Simulation and validation of geothermal systems in district heating and cooling grids. 

2) Technical, environmental and economic assessment of geothermal layouts. 

3) Development of computational models to perform coupled simulation and multi-objective opti-

mization. 

4) Implementation of machine learning methods to evaluate and optimize the performance of geo-

thermal systems. 

The investigated geothermal layouts, which are mainly proposed based on real case studies, are 

discussed (chapter 3) and simulated in TRNSYS. Exergo- and enviro-economic methods are 

utilized for the assessment of the proposed layouts (chapter 4). In this context, a dynamic ex-

ergy analysis method is adapted for the technical assessment of the geothermal layouts as well 

as separate BHE arrays for different operational modes (chapter 4.1). After parametrizing the 

TRNSYS models based on the evaluation criteria, a computational model is developed that cou-

ples MATLAB with TRNSYS, for conducting multi-objective optimizations (chapter 5.2). There-

after, to cope with high computational costs of the long-term assessments of geothermal layouts, 

the coupled model is supplemented by an ANN method as a mid-stage of the optimization pro-

cedure (chapter 5.3). Moreover, a parallel computation approach is proposed to further en-

hance the speed of optimizations (chapter 5.4). Furthermore, a step-wise optimization method 

is developed for the operational optimization and control of geothermal systems at each time 

step (chapter 5.5). Utilizing the developed computational models and the evaluation criteria, 

the multi-objective optimization of the proposed layouts are conducted (chapter 6). Finally, 

results are summarized (chapter 7) and outlooks for future studies are presented (chapter 8). 

The dissertation is written in a cumulative form including four peer-reviewed publications, 

which are introduced in different chapters. The full papers can be found in the Appendix. 
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1 Introduction 

Climate change is a serious issue that the world is confronted with. The Paris Agreement sets 

out a global framework to avoid dangerous climate change by limiting global warming to well 

below 2 °C and pursuing efforts to limit it to 1.5 °C (UN 2015a). Greenhouse gases (GHG) 

emitted by energy use from fossil fuels are the main reason for climate change (Ritchie 2020). 

In Europe, buildings consume 40% the overall energy and emit 36% of the GHG (EC 2021a). 

With 79%, heating and hot water have the largest share in the final energy demand of European 

households (EC 2021b). Cooling of buildings still has small share, but the demand is continu-

ously rising due to climate change (Fleiter et al. 2016). It is estimated that by 2025 the installed 

cooling capacity in Europe is likely to be 55–60% higher than in 2010 (Werner 2016). According 

to Eurostat 2019 , approximately 75% of heating and cooling is still generated from fossil fuels 

while only 22% from renewable energy resources (Fleiter et al. 2016). Consequently, heating 

and cooling with reduced energy consumption and higher sustainability need to be considered 

as an important part of future energy systems. 

By 2050, more than 80% of European residents are expected to live in urban areas (UN 2015b). 

This trend increases the benefits of district energy systems, which tend to be more economic for 

densely populated regions (Rezaie & Rosen 2012). The significant share of heating and cooling 

in European households as well as the increasing trend towards local energy supply has made 

district heating and cooling (DHC) an important option for future thermal energy systems. The 

DHC grids provide the opportunity of utilizing combined heat and power (CHP), waste heat 

from industrial processes as well as renewable energy resources. In the recent years the main 

focus has been on the efficiency improvement of these grids especially by lowering their tem-

perature level in heating load supply. This makes the integration of sustainable energy sources, 

especially geothermal and solar energy, perfect options for the integration into DHC systems. 

More details about DHC grids and their design approaches can be found in chapter 2.1. 

To increase sustainability of district energy systems by integrating various energy resources, 

seasonal mismatch between supply and demand needs to be dealt with. Solar thermal collectors 

(STC) can have a key contribution in sustainable heating load supply, which are hampered by 

the highest share of available solar energy in summer, when no heating is required. This mis-

match is also a major drawback in CHP units or industrial applications as well as cooling cycles 

where the generated excess heat during summer time is not needed. To solve this problem, 

seasonal thermal energy storage (TES) technologies are essential. In these systems, the extra 

heat is stored seasonally in a storage medium in order to be extracted and used in heating 

seasons.   

TES technologies can be categorized to sensible, latent and chemical heat storage. In sensible 

TES, energy is stored by changing the temperature of a storage medium such as water, rock 

beds or soil (Dincer & Rosen 2021). Compared with chemical and latent technologies, sensible 

TES systems are more suitable for large-scale (district) applications (Pinel et al. 2011). The 

sensible TES technologies that are appropriate for large-scale TES, can be categorized to large 

aboveground water tanks and underground heat storage (UTES) systems (Welsch 2019). In 

UTES, high underground thermal capacity can be utilized to store large quantities of fluctuating 

renewable or waste energy in district scale (Schulte et al. 2016a; Skarphagen et al. 2019). The 

most common types of UTES systems include tank TES (TTES), pit TES (PTES), aquifer TES 

(ATES) and borehole TES (BTES). Comprehensive details about each type can be found in 

(Schmidt et al. 2004; Mangold et al. 2012; Dincer & Rosen 2021). The main concentration of 
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this study is on shallow BTES systems. They utilize the high underground storage capacity using 

borehole heat exchanger (BHEs). The underground can be also used as an efficient heat 

source/sink for heating/cooling applications in conventional geothermal systems, where there 

is no extra heat for storage. More details about shallow geothermal systems as well as their 

design concepts can be found in Chapter 2. 

Aforementioned benefits of exploiting the underground capacity for TES, makes the utilization 

of BTES an interesting concept which leads to increased sustainability of DHC grids. Main ben-

efits of BTES systems have been already proven by several projects (e.g.,Dincer & Rosen 2007; 

Bauer et al. 2010; Sibbitt et al. 2012). A review of some of these projects can be found in 

(Lanahan & Tabares-Velasco 2017; Welsch 2019). However, inappropriate dimensioning con-

sidering the interaction of BTES with other system components is a main issue that has led to 

reduced efficiency of some existing projects. In an exemplary project in Germany (Bauer et al. 

2010; Bauer et al. 2016), in which a BTES is charged by STCs and discharged by a HP, the low 

HP capacity resulted in its inefficient operation and caused the BTES to be discharged less than 

planned. Moreover, stagnation happened in STCs because of smaller dimensions of BTES and 

other system components (Bauer et al. 2016). A BTES should not be regarded in isolation, but 

merely as one component within a DHC network (Skarphagen et al. 2019). Design and optimi-

zation of BTES systems in DHC networks require guidelines that consider their interaction with 

other system components.   

In this study, based on existing systems, different layouts of geothermal systems are proposed 

for heating as well as combined heating and cooling applications. The investigated layouts can 

be generally categorized to small- and large-scale systems, which are designed standalone or 

are coupled with STCs (cf. Chapter 3). To investigate the efficient implementation of BHE arrays 

in the proposed layouts considering other system components, comprehensive evaluation meth-

ods are utilized and adapted to geothermal systems in order to assess them from technical, 

economic and environmental aspects.  

As mentioned, one of the main motives of integrating geothermal systems in DHC grids is low-

ering environmental emissions. Life cycle assessment (LCA) has been proven to be a useful tool 

for environmental evaluation of BTES and energy systems (Welsch et al. 2018; Karasu & Dincer 

2020). LCA studies demonstrate that the integration of BTES systems yields a large reduction 

in global warming potential (GWP) (Welsch et al. 2018; Karasu & Dincer 2020; Formhals et al. 

2021a; Elhashmi et al. 2020; Shah et al. 2020). As lowering environmental impacts is always 

associated with higher costs, enviro-economic assessments are needed to consider both objec-

tives simultaneously. In this study, an enviro-economic method is utilized to simultaneously 

minimize cost and emissions of geothermal layouts (cf. Chapter 4.2). 

Although environ-economic analysis is a suitable approach for the evaluation of energy systems, 

it lacks thermodynamic assessments (Nuss 2015). The thermodynamic inefficiencies of an en-

ergy system can be assessed using exergy analysis method. Exergo-economics is a branch of 

engineering that combines exergy analysis and economic principles. It can provide information 

to a system designer which are not available through conventional energy analysis and eco-

nomic evaluations, but crucial to the design and operation of a cost-effective system (Bejan et 

al. 1995). Moreover, increasing exergetic efficiency leads to reduced environmental impacts 

and a higher sustainability (Nuss 2015). Therefore, technical, economic and environmental as-

pects can be taken into consideration using the exergo-economic analysis method (Hemmata-

bady et al. 2020). Results of exergy analysis of an installed BTES system show that a significant 
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energy saving can be done by conducting an exergy analysis (Kizilkan & Dincer 2015). Exergo-

economic analysis method has been already used for the optimization of different geothermal 

layouts (Kavian et al. 2019; Kavian et al. 2020 Sayyadi & Nejatolahi 2011). However, for exergy 

calculations of the aforementioned literature, mainly a static approach has been used, which is 

mainly suggested for the systems at higher temperature levels. In this study, a dynamic exergo-

economic assessment approach is adapted for the optimization of geothermal systems from 

technical and economic aspects (cf. Chapter 4.1). The proposed approach can be utilized for 

designing geothermal systems in district grids as well as dynamically optimizing the operation 

of exiting geothermal plants.  

For the assessment of the proposed layouts utilizing the evaluation criteria, different computa-

tional models are proposed. The geothermal layouts are modeled and parameterized in TRN-

SYS 18 (Klein et al. 2017), which is coupled with MATLAB (The MathWorks Inc. 2016) for 

conducting optimization studies (direct optimization). Utilizing the underground as heat sink 

or heat source is associated with its temperature change after years of operation. This has a 

significant effect on the performance of geothermal systems and their sustainable operation. 

Consequently, long-term evaluation of geothermal systems during project lifetime should be 

considered as an important point in their optimal integration in DHC networks. This is associ-

ated with high computational costs, especially when multiple number of evaluations are re-

quired for the convergence of an optimization problem. In order to deal with that, an artificial 

neural network (ANN) has been used to create a proxy model as an intermediate step of the 

multi-objective optimization procedure (indirect optimization). The proposed approach of uti-

lizing the sample points from initial optimization evaluations differ from other similar studies 

(Jiang et al. 2020; Razmi et al. 2020), in which sample points are mainly created randomly. 

Finally, a step-wise optimization method is proposed to optimize the operation of geothermal 

systems that are selected by direct or indirect optimization methods at each time step. The 

developed computational models are elaborated in Chapter 5. 

Overall, different layouts of geothermal systems are proposed for heating as well as combined 

heating and cooling applications in district grids. The layouts are mainly based on reference 

cases, validated against real operational data. Based on the reference cases, alternative layouts 

and their control strategies are proposed. The evaluation of the proposed energy systems, which 

include different components of geothermal-based DHC grids are conducted utilizing exergo- 

and enviro-economic analysis methods. The assessments are done on two levels, for defining 

the optimum size of each component and for improving the operation of existing systems. By 

developing novel computational methods for the optimization of geothermal systems, the com-

parison of the proposed layouts as well as the evaluation methodologies are conducted. Results 

provide guidelines for designing geothermal systems in DHC grids. 

 

 

 

 



 

4  

2 Geothermal Systems in District Heating and Cooling Grids 

To propose geothermal layouts for DHC, a comprehensive understanding of DHC characteristics 

and geothermal systems are required. In this chapter, the most important characteristics of DHC 

grids, 1st to 5th generation DHC grids, the most common shallow geothermal systems and de-

sign concepts, which are utilized for proposing different system layouts, are introduced and 

discussed.  

2.1 District Heating and Cooling Grids 

District heating comprises a network of pipes connecting the buildings in a neighborhood, town 

center or whole city (Lund et al. 2014). The required load is supplied to the buildings using 

different available sources using central plants or decentral units. In some countries, smaller 

grids are called local (block) heating grids. The concept “local heating” is mainly used when 

required load of multiple number of buildings in a neighborhood or a building complex is sup-

plied (Mauthner & Herkel 2016; Nussbaumer 2017). On the other hand, with “district heating”, 
larger grids to supply required load of communities up to whole cities is meant (Mauthner & 

Herkel 2016). As the boundary between local and district grids is not clear and these concepts 

are restricted to some countries, the term “district heating” is generally used in this research. 

To determine a boundary, the district heating systems of this work are categorized into small- 

and large-scale systems. The small-scale systems are defined as those with yearly demand of 

lower than 1 GWh, while large-scale systems have higher demand.  

The most common structures of a district heating include radial, ring and mesh networks (Fig-

ure 1). Radial networks have the shortest line length, the lowest investment costs and are 

mainly implemented in small- and medium-size grids. Mesh networks consist of multiple rings 

that make the integration of several heating plants possible, which leads to improved security 

of supply. This also increases the chances of integrating renewable energy resources, seasonal 

TES technologies and customer substations (e.g. 5th generation DHC), which leads to higher 

sustainability. However, their high investment costs make them more profitable for larger sys-

tems (Dötsch et al. 1998). Finally ring networks are a special case of mesh networks with a 

single circuit.   

 

Figure 1: Structures of a district heating (after Dötsch et al. 1998). 

The operation of a district network can be classified into three strategies considering the grid 

temperature change with ambient temperature (Figure 2). In a gliding operation strategy, 

which is only suitable for heating, network temperature changes continuously with the ambient 

temperature. This strategy is not appropriate for consumers that are independent of the 

weather, such as process heat and domestic hot water. The most common operational strategy 
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is gliding-constant operation, which allows simultaneous supply for space heating and hot wa-

ter. This strategy is also suitable for district systems at lower temperature levels (4th and 5th 

generations), which are the most favorable options for integrating geothermal systems. Finally, 

a constant operation is suitable for process heat, domestic hot water supply and cooling.   

 

Figure 2: District heating temperature change with ambient temperature (after 

Nussbaumer 2017). 

District heating systems can be also classified according to the number of pipes. The most com-

mon type is two-pipe system, with one supply and one return line between the heating center 

and the consumer. Another type is three-pipe system, which has two supply lines, one with 

gliding temperature profile for heating and the other with constant temperature for hot water 

supply. Moreover, a four-pipe system has two supply and two return lines, which is suitable for 

applications like central seasonal heat storage with decentralized solar heat generation. The 

four-pipe system design can be also used for DHC, in the case of simultaneous heating and 

cooling load supply.  

DHC systems can be environmentally beneficial and pave the way toward the sustainable energy 

supply, if they are applied appropriately (Rezaie & Rosen 2012; Werner 2017). Technological 

development of DH systems led to the definition of 1st to 4th generation district heating (1GDH-

4GDH) concepts. The 1GDH was introduced in 1880s and used steam as the heat carrier in 

steam lines with steam traps in concrete ducts and channels. In 1930s, the 2GDH was devel-

oped, by altering the heat carrier from steam to pressurized water distributing heat in concrete 

ducts and channels. In 1980s the 3GDH occurred, which was based on reduction of the supply 

temperature to below 100 °C and using prefabricated, pre-insulated pipes directly buried into 

the ground (Lund et al. 2021). Finally, to transform towards a sustainable heat supply, the 

4GDH systems have been widely implemented since 2020. Figure 3 shows the development of 

1GDH-4GDH systems. As it can be seen in the figure, the overall trend is temperature reduction, 

which leads to efficiency increase and more opportunities for integrating low-temperature en-

ergy sources. 
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Figure 3: From the first to the fourth generation of district heating (Lund et al. 

2021). 

To extend the application of 4GDH systems in sustainable energy supply, some prerequisites 

need to be considered. The most important ones are the implementation of low-temperature 

DH networks, the ability to recycle heat from low-temperature sources such as solar and geo-

thermal heat and the implementation as an integrated part of smart energy systems (Lund et 

al. 2014). A future 4th generation district cooling (DC) system can be defined as a system more 

interactive with the electricity, DH and gas grids (Lund et al. 2014). Overall, a 4th generation 

district heating and cooling grid can be considered as a low-temperature interactive energy grid 

for supplying heating and cooling demands (Hemmatabady et al. 2020). 

The concept 5th generation district heating and cooling (5GDHC) network has been used in the 

recent years. The low-temperature 5GDHC networks operate at temperatures so close to the 

ground that it is not suitable for direct heating purpose (Buffa et al. 2019). 5GDHC can be 

regarded as a different technology compared to 1GDH-4GDH by introducing HPs at each con-

sumer to adjust the supply temperature to the specific requirements, whether it is for heating 

or cooling purposes (Lund et al. 2021). The possibility to reverse the operation of the customer 

substations permits to simultaneously cover both heating and cooling demands of different 

buildings. Through hybrid substations, 5GDHC technology enhances sector coupling of thermal, 

electrical and gas grids in a decentralized smart energy system (Buffa et al. 2019). 
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2.2 Shallow Geothermal Systems 

Geothermal systems can be generally classified into two groups considering the depth of the 

underground facilities, deep and shallow (Figure 4). Deep geothermal systems are generally 

with a depth of higher than 1 km and are used to generate electricity and/or to feed district 

heating networks. Shallow geothermal systems are up to a depth of 400 m and are used for 

heating and cooling (VDI 2010). An innovative concept is medium-deep geothermal systems 

for the depths of lower than 1 km for heating applications (Welsch et al. 2016a). Geothermal 

systems can be also categorized into open and closed loop systems. In the open systems the heat 

is transferred through groundwater extraction from geothermal wells. The closed systems uti-

lize underground heat exchangers for heat transfer through conduction. The most common 

types of underground heat exchangers are BHEs. The main focus of this study is on shallow 

geothermal systems with vertical BHEs for heating as well as combined heating and cooling 

applications. 

 

Figure 4: Categorization of geothermal systems (after Sass et al. 2016). 

There are three main types of BHEs, single U-tube, double U-tube and coaxial heat exchangers 

(Figure 5) (Sass et al. 2016). Single U-tube and double U-tube BHEs are mainly installed in 

shallow geothermal systems, from which double U-tube BHEs are the most common ones (Sass 

et al. 2016, VDI 2019). Coaxial BHEs are mostly seen in geothermal installations with higher 

depths (Welsch 2019). Various materials are used for the pipes, mainly high-density polyeth-

ylene (HDPE), steel and copper. High-stress crack-resistant materials (PE100-RC) have had the 

highest market share in the last years (Sass et al. 2016). BHEs are installed inside drilled bore-

holes, which are backfilled with a cement-based grouting material. The grouting material sta-

bilizes the borehole, provides hydraulic sealing and improves thermal contact with the under-

ground. The heat transfer process starts by circulating a heat transfer fluid (usually a water-

glycol mixture) in the pipes. In heating mode, the heat transfer medium extracts the required 

heat from the ground and decreases its temperature. In cooling mode, it rejects the excess heat 

to the ground and increases its temperature.  
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Figure 5: Types of BHEs: a) Single U-pipe BHE, b) Double U-pipe BHE, c) Coaxial BHE 

with internal return, d) Coaxial BHE with external return; red = flow, blue = return 
(Image source: Sass et al. 2016). 

Depending on the underground and the required load-side temperatures, the heat extraction or 

rejection from or to the ground can be done with and/or without HPs (passively and/or ac-

tively) (cf. Chapter 2.3 for more details). The term heat pump refers to a group of technologies 

that transfer heat from a low temperature to a high temperature (Herold et al. 2016). Figure 6 

shows the basic structure of a compression HP. In heating mode, the circulating fluid of the HP, 

which has a low boiling point, is vaporized by absorbing heat in the evaporator, from the am-

bient air in an air-source HPs (ASHP) and from the underground in a ground-source HP (GSHP). 

The vapor is then compressed in the compressor and its temperature increases. The compressor 

usually has one, two or three stages of compression or it can be variable-speed. Thereafter, the 

compressed vapor passes through the condenser, which is connected to the consumer. By trans-

ferring heat to the consumer, the vapor is condensed back to liquid at a moderate temperature. 

Finally, the throttle valve relieves the pressure and causes the liquid to enter the two-phase 

region with low temperature, ready to enter the evaporator to absorb heat again. In the cooling 

mode, the cycle is reversed and the evaporator absorbs the extra heat from the consumer with 

cooling demand. The absorbed excess heat is then rejected to a heat sink, which is the ambient 

air in an ASHP and the underground in a GSHP.  

 

Figure 6: Basic structure of a heat pump. 
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Closed geothermal systems with BHEs can be classified into two groups. In the first group, no 

active recharging of the underground is done. In these systems, the extracted energy from the 

underground is not high enough for direct heating load supply and GSHPs are required to sup-

ply the heating demand. As the underground temperature is higher and more stable, compared 

to the ambient temperature, it results in more efficient system operation of GSHPs, compared 

with ASHPs. In the second group, the underground thermal capacity is exploited to store fluc-

tuating renewable or waste energy, which can be on a seasonal basis, and is widely known as 

BTES. The most common applications of this group are BTES systems that are used to store 

excess solar energy or rejected waste heat from cooling cycles in non-heating seasons to be used 

in heating seasons. In this group, depending on the temperature level of the available energy, 

the extracted energy can be utilized with or without GSHPs.  

2.3 Design Concepts 

For the comparison of different geothermal layouts in this study, the most common system 

designs are considered. Geothermal systems are mostly designed individually (standalone) or 

they are coupled with STCs (solar-coupled). In the standalone geothermal systems, the under-

ground is utilized as heat source and/or sink for heating and/or cooling. In the solar-coupled 

systems, STCs are used for supplementary heating and seasonal storage of solar energy. Finally, 

a hybrid system design is proposed, in which solar-coupled and standalone geothermal systems 

can be utilized simultaneously. Figure 7 shows a standalone and a solar-coupled geothermal 

system design in heating mode. More details can be found in Chapter 3 and Appendix B. 

 

Figure 7: a) Standalone and b) solar-coupled geothermal system design in heating mode. 

Utilizing the underground as an efficient heat source for heating as well as an efficient heat sink 

for cooling can be done actively or passively. In passive load supply, the temperature level of 

the underground is at a suitable level to be utilized directly without the use of HPs. In active 

load supply, it is not high/low enough to supply heating/cooling load passively. Consequently, 

HPs are needed to utilize the underground as their heat source/sink for supplying heating/cool-

ing load. In combined active and passive mode, the underground is used for direct load supply 

when it is at a suitable temperature level and HPs start working otherwise.  
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The possibility of passive load supply is dependent on the design supply temperature. Passive 

cooling utilizing BHEs is suggested for a load-side supply temperature of more than 14 °C. The 

maximum temperature is assumed that does not exceed 20 °C (VDI 2019). Temperature differ-

ence between supply and return on the load-side is usually between 4 - 6 °C. Consequently, 

considering an average undisturbed underground temperature of 10 °C, it can be utilized as an 

appropriate heat sink for passive cooling load supply. Higher supply temperatures on the load-

side results in higher share of the passive cooling and less supplementary cooling requirement. 

The supplementary cooling needs to be done actively by a HP, which is bypassed when the 

supply temperature is suitable for passive cooling. For the load-side supply temperatures of 

lower that 14 °C the active cooling is required, with the temperature difference usually in the 

range of 6 - 8 °C. Figure 8 shows an exemplary heat exchanger design and the corresponding 

temperature ranges on the load- and sink-side for passive and active cooling. Passive or active 

cooling utilizing BHEs is feasible in standalone geothermal layouts. The solar-coupled BTES 

systems cannot be used as heat sink for cooling purposes, as they are heated up by STCs during 

non-heating seasons. 

 

Figure 8: Exemplary heat exchanger design; left) passive cooling, right) active cool-

ing.  

The overall trend towards low-temperature DH systems, provides more opportunities for the 

integration of STCs as a main renewable energy source. The solar-coupled geothermal systems 

can be designed in passive and active heating modes. In both modes, the STCs store the col-

lected solar energy in the BTES during non-heating periods. In the heating periods, STCs are 

generally utilized to supply part of the required heating demand and/or to improve the perfor-

mance of GSHPs (Mehrpooya et al. 2015). In passive mode, the return temperature of the fluid 

from the BHEs is high enough for direct heating load supply. In active mode, a HP is required 

for supplementary heating, which is bypassed when the supply temperature is suitable for pas-

sive heating. A passive-only design is suggested for the systems with lower supply temperatures. 

A passive solar-coupled BTES system has been already proven to be a feasible option for DH 

with an average supply temperature of 37 °C and a peak temperature of 45 °C (Leidos 2014). 

At higher temperature levels the active design strategy is suggested. To define a margin between 

active or passive design strategy, details of the investigated project should be taken into account 

separately. Figure 9 shows an exemplary heat exchanger design and the corresponding temper-

ature ranges on the load- and source-side for passive and active heating load supply. 
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Figure 9: Exemplary heat exchanger design; left) passive heating, right) active heat-

ing.  

Either standalone or solar-coupled geothermal systems need to be supplemented by auxiliary 

heating units to ensure the required load supply. The geothermal loop and the auxiliary loop 

(gas boiler, GB) can be connected in series or parallel, with different temperature shift and the 

maximum corresponding heating load that can be supplied efficiently by the ground loop in 

each mode. In serial mode, the geothermal loop partially shifts the return temperature and the 

rest is done by serial GBs. In parallel mode, the ground loop is designed on a temperature level, 

which is close to the supply temperature, and is in parallel operation with GBs. Each design 

strategy influences the choice of the system components (single- or double-stage HPs) and op-

erational parameters (e.g. the bivalent point, flow rates etc.), which affect the techno-economic 

performance of the overall energy system, elaborated in Chapter 3 and Appendix B.  

Regarding system’s design in DHC grids, geothermal systems can supply the load directly (cen-

tral systems, 4GDH) or can be designed on lower temperature levels with decentral heat pumps 

at each consumer (decentral systems, 5GDHC). The investigated layouts of this study are mainly 

based on 4GDH concept. There are various design options for a 5GDHC system design, which 

are mostly dependent on the specific project constrains. A simplified 5G concept with decentral 

HPs aims to compare the effects of lower DH design temperatures on the performance of a solar-

coupled geothermal system. In Chapter 3, the investigated geothermal layouts of this study, 

which are proposed based on the introduced design concept are discussed. 

3 Investigated Layouts of Geothermal Systems 

Layouts of geothermal systems are proposed and investigated for smaller and larger load re-

quirements (small-scale and large-scale systems). As mentioned earlier, the small-scale systems 

in this study are defined as those with yearly demand of lower than 1 GWh. The main focus of 

this research is on central standalone and solar-coupled systems. More details about the inves-

tigated layouts with regard to their design heating/cooling load and supply/return temperature 

as well as their characteristics can be found in this chapter.  

3.1 Large-scale Systems  

The Large-scale central layouts are evaluated in this chapter. Although high investment costs 

are a major obstacle for large-scale geothermal projects, they usually have lower specific energy 

costs. Four different standalone central layouts are designed to supply heating and cooling de-

mand of a case study (Figure 10). The case study is a notional district in Frankfurt with the 

total annual heating and cooling demand of 8.47 GWh and 1.05 GWh respectively (Appendix 

B). The four scenarios differ by their cooling approach (active or passive) and by the connection 
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of the ground loop and the supplementary heating (serial or parallel). In cooling mode, supply 

and return temperatures (Tsup/Tret) of the district are 6 °C/12 °C for active and 18 °C/22 °C for 

passive cooling. In heating mode, Tsup/ Tret are set to 45 °C/35 °C. The BTES system is actively 

discharged by HPs, which are connected to a BST for more steady operation. The supplementary 

heating is done by GBs that cover the heat demand which cannot be met by the ground loop. 

The connection of the GBs and the ground loop can be in serial or in parallel.  

The layouts are compared with each other and a reference scenario that is designed based on 

conventional systems, in which the total heating demand is supplied by GBs and the cooling 

demand by ASHPs. As an example, the system layout of serial heating can be seen in Figure 11. 

The HP heats the water from the BST up to a set point temperature. The serial boiler GB2, 

provides the additional heat up to the grid supply temperature of 45 °C. GB1 supplies the heat-

ing load, which cannot be met by the ground loop and its serial boiler. In parallel scenario, the 

amount of heat which cannot be supplied by the ground loop will be supplied by a GB, which 

is in parallel operation with HPs. All four BTES-assisted systems are outlined in the following 

and more details can be found in Appendix B. 

 

Figure 10: Investigated standalone central systems.  

 

Figure 11: Exemplary System layout of the serial heating (L1) (Hemmatabady et al. 

2020). 

In parallel to this work, a large-scale solar-coupled central layout is proposed by Formhals et 

al. 2021a for TU Darmstadt’s campus Lichtwiese district heating grid (Appendix C). The campus 

has an annual heating demand of approximately 25 GWh, which is mainly supplied by CHP 

units and GBs. To achieve the TU Darmstadt’s emission reduction targets, integration of STCs, 
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waste heat utilization and seasonal storage is considered. As the existing campus building in-

frastructure does not allow for an immediate transition to a low-temperature grid, a stepwise 

transition accompanied by grid temperature reduction is assumed. The investigated strategies 

differ in dimensions of components as well as timing of construction or decommissioning. The 

strategies include immediate, progressive, step, gradual and conservative (Appendix C). The 

speed of transition towards more deployment of renewable energies decrease by moving from 

immediate towards conservative. The fastest transition strategy, immediate, is characterized by 

maximum deployment of renewable energies and decommissioning of all CHP units at transi-

tion stage 1. In contrast with that, conservative scenario keeps the system unchanged at stage 

1 and results in the smallest SDH system. More details about the investigated strategies can be 

found in Appendix C.  

3.2 Small-scale Systems 

Small-scale geothermal projects can be implemented easier in neighborhoods and local con-

sumers. Therefore, proper design of these systems can lead to increased utilization of geother-

mal energy in heating and cooling sector. In this part, a model of a well-known reference system 

from (Leidos 2014) is created, which is validated against real operational data. Subsequently, 

the boundary conditions are adapted to a case study in Germany, with total annual heating and 

cooling demands of 523 MWh and 62 MWh respectively (Appendix D). Based on the reference 

scenario, alternative central layouts and control strategies are proposed.  

3.2.1 Reference Case  

The selected reference case, Figure 12, is the BTES system of the Drake Landing Solar Commu-

nity (Mesquita et al. 2017), which is implemented in TRNSYS. Figure 13 shows the simulation 

results against the measured numbers as given in the annual report (Leidos 2014). It can be 

seen that the simulation can represent the performance of the system in operation. More details 

about the model can be found in Appendix D. 

 

Figure 12: Energy flow diagram of the reference case, modified after (Leidos 2014). 
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Figure 13: Simulation results (gray) vs. measurement data (red) of the reference case. 

3.2.2 Standalone and Solar-coupled Layouts  

Two different operational scenarios are considered: heating-only mode and combined heating 

and cooling mode. In heating mode, Tsup varies between 37 °C and 42 °C with a gliding-constant 

operation mode (cf. Figure 2) and there is an average ΔT of 7 °C between supply and return 

temperatures. In cooling mode, Tsup is set on 18 °C, which is suitable for passive load supply. 

The temperature of the grid is considered to have a constant operation mode (cf. Figure 2) and 

there is a ΔT of 4 °C between supply and return temperatures. 

The investigated small-scale systems in heating-only mode can be seen in Figure 14. The eval-

uated systems can be either central or decentral. As mentioned earlier, the central systems (Ap-

pendix D) are based on a 4GDH concept, in which the heating systems supply the load directly. 

On the other hand, the decentral systems are based on a 5GDH concept, with lower grid tem-

perature that is not appropriate for direct load supply. Consequently, decentral HPs are installed 

at each consumer to increase the temperature of the fluid from the low-temperature grid. The 

central systems are either solar-coupled or standalone. In the solar-coupled systems (H1 and 

H2), STCs charge a BTES system during non-heating seasons. During heating seasons, H1 sup-

plies the load passively and H2 mostly actively using HPs. In the standalone system (H3), there 

is not storage or regeneration and a conventional GSHP supplies the load actively. In this study 

only one solar-coupled decentral layout (H4) is assessed, which is explained in Chapter 3.2.2.3. 

The investigated small-scale systems in combined heating and cooling mode are shown in Fig-

ure 15. For the solar-assisted scenarios (HC1 and HC2, Appendix D), as the BTES is heated up 

by STCs during cooling seasons, the cooling load is assumed to be supplied by an ASHP. As for 

the heating-only scenarios, the heating load is supplies passively or actively. In the standalone 

scenario (HC3, Appendix D), the cooling cycle rejects its waste heat to the BTES, which is stored 

and can be discharged actively using HPs in heating mode. Additionally, a hybrid system design 

option for combined heating and cooling mode (HC4) is proposed, which is based on a combi-

nation of HC2 and HC3 scenarios, to utilize solar-coupled and standalone BTES systems for 

combined heating and cooling operation (cf. Chapter 3.2.2.2).  
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Figure 14: Investigated small-scale systems in heating-only mode. 

 

Figure 15: Investigated small-scale systems in combined heating and cooling mode. 
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3.2.2.1 Standalone and Solar-coupled Central Layouts 

As an example, a simplified representation of system layout H1, which is based on the reference 

case, is illustrated in Figure 16. During summer operation, the collected solar energy is deliv-

ered to the BSTs via HEX1. A variable-speed pump (P1) assures a design temperature difference 

(ΔT) of 15 K for STCs (Saloux & Candanedo 2019). Charging/discharging of the BTES is con-

trolled by a differential controller, based on the ΔT between the BTES center and the 

warmer/colder BST. In heating seasons, another variable-speed pump (P4) delivers the energy 

from the BSTs to the district via HEX2 and is controlled so that the supply temperature to the 

district is heated up to set point. Finally, the district loop pump (P5) is controlled to meet the 

district design ΔT. Operational strategy of H2 layout is very similar to H1 with the difference 

that the HP discharges the BTES actively and is bypassed when the BTES temperature is high 

enough to supply the load passively. In the H3 layout, which is a standalone design, a GSHP 

supplies the heating load actively. The system layouts H2 and H3 as well as more details about 

the operational strategies of the layouts H1-H3 can be found in Appendix D.  

    

Figure 16: Exemplary system layout of the passive heating (H1). 

Figure 17 shows a simplified representation of system layout HC3, in cooling mode. A differen-

tial controller monitors ΔT between the BTES center and the BST1. The cooling load is supplied 

passively when the BTES temperature is low enough to supply the load directly and the active 

cooling mode is activated with higher BTES temperatures. As mentioned earlier, in solar-cou-

pled BTES systems (HC1 and HC2), ASHPs supply the cooling load actively, based on a manu-

facturer’s catalog (Viessmann 2020b).  
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Figure 17: System layout of the BTES in cooling mode (HC3). 

3.2.2.2 Hybrid Central Layouts 

The solar-coupled BTES systems cannot be used as heat sink for cooling purposes, as they are 

heated up to high temperature (HT) by STCs during non-heating seasons. A design option for 

combined heating and cooling mode is adding a second low-temperature (LT) BTES for cooling. 

The rejected waste heat from the cooling cycle is stored in the LT-BTES (cf. Figure 18a), which 

is discharged actively in the heating season. The heating load is then supplied by the hybrid 

BTES system consisting of the HT-BTES and the LT-BTES (cf. Figure 18b). The hybrid BTES 

systems can be designed to supply the heating load in serial or in parallel modes. In parallel 

mode, both BTES systems are used to shift the return fluid temperature up to the design supply 

temperature. In serial mode, the LT- BTES system partially shifts the fluid temperature and the 

rest is done by the HT-BTES up to the design supply temperature. In both modes, GBs supply 

the peak demand. Due to low design temperature shifts of the case study (Appendix D), serial 

configuration requires very low temperature shifts of each system, which leads to very high flow 

rates. Very high flow rates increase mixing in BSTs and electricity consumption of the pumps. 

Therefore, the serial configuration is suggested for system designs with higher temperature 

shifts. As a part of this study, the parallel configuration of the hybrid design scenario (Figure 

18) will be compared with the other combined heating and cooling scenarios, explained in 

Chapter 3.2.2.1. It should be also mentioned that no thermal interaction between the BTES 

systems is assumed. 
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Figure 18: Hybrid central layout (HC4); a) cooling and storage mode, b) heating mode. 

3.2.2.3 Solar-coupled Decentral Layouts 

As mentioned in Chapter 2.1, 5GDHC can differ from 4GDH by introducing HPs at each con-

sumer to shift the supply temperature to the specific requirements. The main purpose of this 

part of the study is comparing geothermal layouts based on a simplified definition of 4GDH and 

5GDH concepts (i.e., central and decentral). To increase heat generation efficiency and to lower 

district heating losses, geothermal projects can be designed on lower temperature levels, which 

are not suitable for direct load supply. Consequently, supplementary heaters (HPs) are needed 

to increase their temperature at the location of each individual consumer. Based on the vali-

dated reference scenario in TRNSYS, explained in Chapter 3.2.1, an alternative solar-coupled 

geothermal layout based on 5GDH concept with decentral HPs in each individual building is 

proposed (H4, Figure 19). The proposed decentral layout, is then compared with solar-coupled 

central layouts (H1-H2, Appendix D). For the case study, the same quarter as Appendix D is 

considered, assuming that no cooling load is supplied. 

In H4, the control strategies of the solar, BTES and BST loops are almost similar to H1 (cf. 

Chapter 3.2.2.1) with the difference that they are adapted to reduced district    p. The district    p is set on 25 °C to reach the highest COP of the decentral HPs, which are parametrized with 

data from a manufacturer’s catalog (Viessmann 2020a). The lower grid temperature in compar-

ison with the previous layouts will also lead to lower losses from the district pipes, which is one 

of the motives behind using 5GDH networks. To reduce uncertainties regarding district heating 

design, it has been assumed that it has the same pipe length as the reference case. 
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Figure 19: System layout of the active heating with decentral HPs (H4). 

4 Evaluation Criteria 

In this part different evaluation criteria, utilized for technical, economic and environmental 

assessment of geothermal layouts, are discussed. For technical and economic assessment, a dy-

namic exergo-economic assessment approach is adapted to geothermal systems (Chapter 4.1). 

To simultaneously minimize emissions and costs, an enviro-economic analysis method is used 

(Chapter 4.2). 

4.1 Exergo-economic Analysis 

In an exergo-economic evaluation, the aim is to minimize cost (minLCOE) and to maximize the 

exergetic efficiency (max  ηexergy). A multi-objective optimization is required to find the best 

solutions for both objectives. 

4.1.1 Exergy Analysis 

Exergy is the maximum amount of work that can be done by a subsystem as it approaches a 

thermodynamic equilibrium with its surroundings by a sequence of reversible processes (Rant 

1956). In other words, exergy is defined as a system’s potential to interact with its environment. 
For thermal systems, this corresponds to the temperature difference between the heat carrier 

medium and a predefined reference temperature.  

In heating and cooling systems, operation temperatures could be close to the reference temper-

ature. Consequently, the exergy analysis strongly depends on the definition of the reference 

environment and a dynamic exergy analysis method is suggested. More details about dynamic 

and static exergy analysis methods can be found in Appendix B and Sayadi et al. 2019. For the 

dynamic analysis, several possible reference temperatures like the indoor air temperature, the 

undisturbed ground temperature and the outdoor temperature are discussed (Sayadi et al. 

2019). In this study, the outdoor temperature is considered as the reference temperature  0. 
Thermal exergy of a fluid, which can be used for exergy calculations in heating and cooling 

systems (Sayadi et al. 2019), can be calculated using Equation (1).  
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Ė =  ṁcp × (( −  0) −  0 ln   0) (1) 

The exergetic efficiency (ηexergy) of a system is the ratio of the product exergy rate (ĖP) to the 

exergy rate of the expended resources (ĖF) to generate this output. By integrating ĖF and Ėp 

into each time step over a system’s lifetime (nend), its overall average ηexergy can be calculated 

(Equation (2)). 

ηexergy = ∑ ĖP nnendn=0∑ ĖF nnendn=0 × 100%   (2) 

Dynamic exergy calculations of ĖP and ĖF for the whole system are adopted from Sayadi et al. 

2019 to evaluate the integration of BTES systems into 4GDHC grids. For the standalone (Sa) 

layouts, ĖP and ĖF in heating load (HL) and cooling load (CL) supply can be calculated using 

Equations (3) and (4), respectively.  

ĖP HL Sa = {Ė  p − Ėre                    0 <  re  Ė  p                  re <  0 <    p 0                                      0 >    p 

ĖF HL Sa = {Ėelec + Ėga −min (ĖBTES 0)                                              0 <  re  Ėelec + Ėga −min (ĖBTES 0) + Ėre                    re <  0 <    p Ėelec + Ėga −min (ĖBTES 0) + Ėre − Ė  p                   0 >    p 

(3) 

 

ĖP CL Sa = {Ė  p − Ėre                      0 >  re  Ė  p                      p <  0 <  re  0                                        0 <    p 

ĖF CL Sa = {Ėelec + Ėga +min (ĖBTES 0)                                               0 >  re  Ėelec + Ėga +min (ĖBTES 0) + Ėre                       p <  0 <  re  Ėelec + Ėga +min (ĖBTES 0) + Ėre − Ė  p                   0 <    p 

(4) 

where ĖBTES is the exergy which is stored in or extracted from the BTES system during heating 

and cooling seasons, it can be calculate using Equation (5).  b denotes the temperature on the 

boundary where heat transfer (Q̇BTES) occurs  (Bejan et al. 1995), which is taken as the average 

storage temperature. In the calculation of ĖBTES, it is assumed that Q̇BTES is positive when it is 

added to the BTES and negative when it is extracted from the BTES. Consequently, during the 

cooling seasons, if  0 >  b, the excess exergy is rejected from the system’s control volume and 
it is deducted from the fuel exergy (cf. Equation 4), min (ĖBTES 0) is negative. On the other 

hand, during the heating seasons if ambient temperature is lower than BTES temperature,  0 < b, it means that the exergy from the ground is added to the overall fuel exergy (cf. Equation 

3), −min (ĖBTES 0) is positive. ĖBTES = Q̇BTES × (1 −  0 b) (5) 
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The chemical exergy of natural gas can be calculated using its lower heating value (LHV) 

(Bargel 2011), and the rate of exergy consumption (Ėga ) using the required LHV per time-step 

(Equation (6)). 

For solar-coupled heating-only scenarios, in which BHE arrays does not provide a direct source 

of exergy input to the system and merely acts as a medium to deliver the stored solar exergy, ĖF HL can be calculated using Equation (7). Consequently, the overall exergetic efficiency of the 

solar-coupled (Sc) systems can be calculated using Equation (7) and Equation (2).    

ĖP HL Sc = {Ė  p − Ėre                         0 <  re  Ė  p                       re <  0 <    p 0                                          0 >    p  

ĖF HL Sc = {Ėelec + Ėga + ĖSTC                                                0 <  re  Ėelec + Ėga + ĖSTC + Ėre                      re <  0 <    p Ėelec + Ėga + ĖSTC + Ėre − Ė  p                   0 >    p 

(7) 

ĖSTC is the input exergy from STCs and can be calculated using exergy-to-energy ratio for solar 

radiation having absorber temperature as heat transfer surface temperature and the ambient 

temperature as reference temperature, proposed by Petela 2003. This method is suggested 

when a comprehensive exergetic analysis of an existing system with specified dimensions is 

planned. However, due to limitations for the calculation of the absorber temperature in optimi-

zation studies, which is the purpose of this research, ĖSTC is assumed to be equal to the change 

in exergy content of the circulating fluid in STCs, which can be calculated using Equation (8).  ĖSTC = (ĖSTC o  − ĖSTC in   ) (8) 

To enhance the exergetic performance of a BTES-assisted system, it may be necessary to analyze 

the BTES during the storage (St) and extraction (Ext) periods separately, Equations (9) and 

(10). As it is mentioned before, it is assumed that Q̇BTES is positive when it is added to the BTES 

and negative when it is extracted from the BTES. During the storage period, if the ambient 

temperature is lower than the BTES boundary temperature ( 0 <  b), the exergy of the stored 

heat is the product exergy, max(ĖBTES 0) is positive. On the other hand,  0 can be considered 

as a reference point for the evaluation of storage preheating at lower temperature levels. It 

means that if  0 >  b the exergy of the stored heat is considered as a part of the fuel exergy for 

storage preheating, − min(ĖBTES 0) is positive. During the extraction period, if  0 <  b, the 

exergy of the extracted heat is a part of the fuel exergy, − min(ĖBTES 0) is positive. On the other 

hand, if  0 >  b, the exergy of the extracted heat is deducted from the product exergy, − max(ĖBTES 0) is negative, which means that the operation of the BTES system is not neces-

sary to fulfill the exergy demand. Here, Ėelec is the pumping power of the ground loop circula-

tion pump. Ėin and Ėo   are the exergy of the fluid, entering and leaving the BTES respectively. ĖP BTES S = max(ĖBTES 0) ĖF BTES S = Ėin − Ėo   +  Ėelec  −  min(ĖBTES 0) 
(9) 

Ėga ≈ 1.04 × LHV (6) 
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ĖP BTES Ex = Ėo  − Ė in −  max(ĖBTES 0)  ĖF BTES Ex = Ėelec −  min(ĖBTES 0) (10) 

Finally, by including dynamic exergetic performance of the BTES, fuel and product exergy of 

the whole system during storage and during extraction periods can be calculated separately 

using Equations 11 and 12. 

 

4.1.2 Economic Analysis 

Levelized cost of energy (LCOE) can be calculated using Equation (13), where the numerator is 

the net present value of the total life cycle cost and the denominator is the discounted total 

energy output (Short et al. 1995). The net present value of the total cost is calculated having 

capital investment costs (CIC), maintenance costs (CMC), fuel costs (Cf) and environmental costs 

(Cenv). The system lifetime (nend) and the discount rate (i) are assumed to be 30 years and 3%, 

respectively. 

LCOE = ∑ (CIC n + CMC n + Cf n + Cenv n) ⋅ (1 + i)−nnendn=0 ∑ Qo   n (1 + i)−nnendn=0 × 100% (13) 

Investment cost and maintenance cost functions of the main components are listed in Appen-

dix B. Fuel and environmental costs are calculated using Equations (14) and (15) by summing 

up electricity consumptions (felec) and gas consumptions (fga ) in each time step over the system 

lifetime for each simulation. Electricity and natural gas costs (celec and cga ), Global Warming 

Potential as a result of the consumption of electricity and gas (GWPelec and GWPNG) and the 

emission costs (cCO2) as a function of the assessment year are calculated as given in Appendix B. Cf n = felec n celec n + fga  n cga  n (14) Cenv n = felec n cCO2 n GWPelec n + fga  n cCO2 n GWPNG n (15) 

It should be mentioned that in exergo-economic optimization of the layouts, environmental 

costs are only included in the calculation of LCOE of the standalone layouts with larger BHE 

arrays (Table 1). 

4.2 Enviro-economic Analysis 

An enviro-economic optimization is utilized to simultaneously minimize cost (minLCOE) and 

emissions (minEF). As both target functions compete with each other, multi-objective optimi-

zation is required to find the best solutions for both.  

ĖP Sc S = max(ĖBTES 0)        ĖF Sc S  = ĖF HL Sc −  min(ĖBTES 0) (11) 

ĖP Sc Ex = ĖP HL Sc −max(ĖBTES 0) ĖF Sc Ex  = ĖF HL Sc −  min(ĖBTES 0) (12) 
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4.2.1 Environmental Analysis 

Environmental evaluations of the proposed system layouts are conducted by calculating their 

overall global warming potential (GWP) using Equation (16). It adds up the GWP associated 

with electricity (GWPElec n) and natural gas consumption (GWPNG n) over the project lifetime 

(nend) as well as emissions caused during the production of each system component 

(GWPProd n). The overall EF is the ratio of GWP and the overall energy production using Equa-

tion (17). GWP =∑ GWPElec n + GWPNG n + GWPProd nnendn=0  (16) 

EF = GWP∑ Qo   n nendn=0  (17) 

4.2.2 Economic Analysis 

The economics of the various system layouts are compared on the basis of LCOE, Equation 13. 

It should be mentioned that for enviro-economic optimization of the layouts, environmental 

penalty costs are not added to LCOE and are considered in separate sensitivity analyses to assess 

their effects on optimized designs. 

5 Computational Model Development 

To utilize the discussed evaluation criteria for the assessment of the proposed geothermal lay-

outs in DHC grids, suitable computational models are required. The proposed system layouts 

are mainly modeled and parameterized in TRNSYS (Appendixes B and D). MATLAB is coupled 

with TRNSYS for multi-objective optimization utilizing the non-dominated sorting genetic al-

gorithm (NSGA II) (Deb et al. 2002) toolbox. Different computational models including direct 

and indirect optimization methods with or without parallel computation as well as step-wise 

optimization method are proposed and improved at each stage of this study. 

5.1 Dynamic System Simulation 

TRNSYS is used for the dynamic evaluation of the proposed layouts of this study. It is a simu-

lation program for the transient simulation of different kinds of energy systems (Klein et al. 

2017). TRNSYS simulations are constructed by connecting individual component models 

(known as Types) together into a complete mode, similarly to how they would be connected in 

real life (Klein et al. 2017). In this study, main components (TRNSYS types) include BTES, STC, 

BST and HP. Type 557, which is based on a duct storage model (Hellstrom 1992), is used for 

BTES modeling. Type 1a is used for the simulation of STCs, which is based on a quadratic 

efficiency performance model (Liu & Jordan 1963; Duffie & Beckman 2013). For the modelling 

of BSTs Type 534 is used, which divides the tank into a series of isothermal layers to account 

for stratification. Type 927 is used for simulating HPs, which works based on interpolation with 

four independent variables to read outputs based on inputs, from a provided catalog files. More 

details about utilized TRNSYS types as well as their parameters can be found in Appendixes A 

and D. Considering the system layout (Chapter 3), TRNSYS Types are connected and control 

strategies are implemented in equation blocks for dynamic system simulation and control.  

In a parallel study, Formhals et al. 2021b developed a Modelica toolbox for the simulation of 

BTES systems (MoBTES, Appendixes A), based on Thermal Resistance and Capacitance Model 
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(TRCM), introduced by (Bauer et al. 2011). Modelica is a language for the modeling and sim-

ulation of multi-domain physical systems (Olsson 2017). It uses an object-oriented equation-

based approach facilitating state of the art modeling, simulation, and optimization of district 

heating systems (Schweiger et al. 2017). The model outputs are compared with TRNSYS Type 

557, a 3D finite element model and measured data of a real case study. MoBTES is proven to 

be a robust toolbox, which provides the designer with different alternatives, e.g. different BHE 

types, changing flow direction and separate thermophysical properties for different layers of 

the underground. More details about the model can be found in Appendix A. Utilizing MoBTES 

as well as other available or developed components in Modelica, Formhals et al. 2021a model 

a solar district heating grid with integrated seasonal geothermal energy storage. The model is 

then utilized to assess different transition strategies in achieving the TU Darmstadt’s emission 
reduction targets until 2050 (Appendixes C). 

5.2 Direct Optimization  

For the direct optimization, estimates of the optimization algorithm for the systems design pa-

rameters under consideration are written to a text file, from which they are read by TRNSYS as 

input parameters for the system simulations. After a simulation in project lifetime is finished, 

the resulting objective functions in TRNSYS are sent back and evaluated by the optimization 

algorithm in MATLAB. This procedure is repeated for each scenario until the best Pareto front, 

which is the loci of the most optimal solutions, is selected. The stopping criterion depends on 

the settings of the optimization algorithm, which are suggested by MATLAB considering the 

number of variables and the required accuracy (MATLAB 2021). Figure 20 illustrates the com-

putational model of the direct optimization method. 

 

Figure 20: Computational model of the direct optimization method. 

5.3 Indirect Optimization  

The indirect optimization procedure is divided into three sequential stages, cf. Figure 21. In the 

first stage, an initial direct optimization is performed based on TRNSYS system simulations. The 

results are then used in the second stage to create a proxy model, which approximates the 

objective functions. This leads to a considerable reduction in computational costs for the re-

quired long-term assessments of geothermal systems. Finally, in the third stage, the proxy model 

is used to minimize LCOE and EF in a multi-objective optimization. The computational model 

is explained in more details in Appendix D.  
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Figure 21: Computational model of the indirect optimization method. 

5.4 Parallel Computation and Optimization 

To decrease the computational effort, instead of calling TRNSYS once in each evaluation by the 

optimization algorithm, it can be called in parallel using multiple processor cores. Using parallel 

computing toolbox, multiple TRNSYS dck files are created by MATLAB, which replaces the val-

ues of the optimization variables in each file with the guessed values by the optimization algo-

rithm (Figure 22). The resulting objective function values in TRNSYS, which are appended into 

a text file, are sent back and evaluated by the optimization algorithm in MATLAB. If sufficient 

number of processing cores are available, the parallel computation approach can be also used 

for a direct optimization. However, depending on the optimization problem, reaching final con-

vergence of the algorithm may still not be feasible using direct parallel computation approach.  

 

Figure 22: Computational model of the direct optimization method with parallel cou-

pling of TRNSYS and MATLAB.  

To achieve the final convergence, the first stage of the indirect optimization (cf. Figure 21) can 

be replaced by the parallel computation method (Figure 22). Therefore, a larger number of 

training input data can be given to the proxy model in the second stage within the same time 

frame (cf. Figure 23), which leads to more accuracy of the proxy model compared to the previ-

ous model. 
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Figure 23: Computational model of the indirect optimization method with parallel 

coupling of TRNSYS and MATLAB. 

5.5 Step-wise Optimization 

In practical applications, a system may be needed to be optimized operationally. This means 

that the operation of the system (e.g. flow rate of a variable-speed pump, set point temperature 

of a thermostat etc.) is controlled so that an objective function (e.g. exergetic efficiency, LCOE) 

is optimized at each time-step. Figure 24 shows the proposed computational model for step 

wise optimization purposes. In the first stage, a model with optimized dimensions or an availa-

ble system in operation is simulated in TRNSYS by generating random values for the controlled 

variable, using type 577 (uniform distribution (Dekking et al. 2005)). The random values of the 

controlled variable, the values of other influential variables and the corresponding values of the 

objective function are then used to train a model using ANN toolbox in MATLAB in the second 

stage. In the third stage, the influential variables in TRNSYS are passed to the proxy model in 

MATLAB at each time step, using type 155. The objective function, defined by the proxy model, 

is optimized in MATLAB and the corresponding value of the controlled variable is then given 

back to TRNSYS to operationally control the model at each time step. An exemplary application 

of the model is explained in Chapter 6.4. 

 

Figure 24. Step-wise optimization procedure. 
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6 Multi-objective Optimization of System Design Scenarios  

In this part of the study, the developed computational models (Chapter 5) and the evaluation 

criteria (Chapter 4) are utilized to conduct multi-objective optimization of the proposed layouts 

(Chapter 3). As the title of this dissertation shows, the optimizations of this study are classified 

into two main groups, exergo- and enviro-economic optimization. For the large-scale systems, 

the direct optimization method is utilized for an exergo-economic optimization of the 

standalone layouts (Chapter 6.1). For the small-scale systems, an indirect enviro-economic op-

timization of the solar-coupled and standalone layouts are conducted (Chapter 6.2.1) and the 

results are compared with the optimization results of hybrid central layouts (Chapter 6.2.2). 

Furthermore, direct and indirect exergo-economic optimizations of the solar-coupled central 

and decentral layouts are carried out (Chapter 6.2.3) and the results of exergo- and enviro-

economic optimization approaches are compared (Chapter 6.3). Finally, by conducting an step-

wise optimization that optimizes an operational variable at each time step, the performance of 

a dimensionally-optimized model is improved (Chapter 6.4).  

6.1 Large-scale Systems 

The direct optimization (Chapter 5.2) is utilized for exergo-economic optimization of large-

scale standalone central layouts explained in Chapter 3.1. Table 1 shows main components of 

each layout and their heating and cooling method. The objective functions, setup and bounda-

ries of the optimization variables are summarized in Table 2. 

Table 1. Characteristics of large-scale standalone central layouts. 

Scenario Heating Cooling HPs BST GB 

ActSer Active (BTES) Active (BTES) Single stage Vertical Serial 

ActPar Active (BTES) Active (BTES) Double stage Vertical Parallel 

PasSer Active (BTES) Passive (BTES) Single stage Vertical Serial 

PasPar Active (BTES) Passive (BTES) Double stage Vertical Parallel 

 

Table 2. Objective functions, optimization variables and constraints (direct optimi-

zation) for large-scale standalone central layouts (Hemmatabady et al. 2020). 

Objective functions Subject to 

min  ηexergy 30m ≤ LBHE  ≤ 400m 

min LCOE 30   ≤ NBHE  ≤ 1200 

 2m  ≤ SBHE   ≤ 25m 

 50kW ≤ CapHP  ≤ 8150kW 

  25m3 ≤ VolBST  ≤ 10000m3 
 3K  ≤  ∆ BST b   ≤ 10K 
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Figure 25 shows the local evaluations by the algorithm for finding the points which do not 

violate the constraints. The non-dominated points for each scenario are located on a Pareto 

front, which is closest to the bottom right corner. Comparing the optimal designs of the different 

layouts shows that passive cooling and maximizing the heating temperature shift by the ground 

loop, lead to best designs (PasSer and ActPar). In Appendix B, results are elaborated, the ranges 

of the optimization variables on the Pareto fronts are specified, the component-wise exergy 

destruction and loss and composition of LCOE for characteristic designs are presented and dis-

cussed. 

 

Figure 25. Exergo-economic optimization results of the large-scale standalone central 

layouts (Hemmatabady et al. 2020).  

Formhals et al. 2021a investigate different transition strategies towards a solar-coupled central 

layout for TU Darmstadt’s campus Lichtwiese utilizing an enviro-economic analysis method 

(Appendix C). Other than different dimensions of components as well as timing of construction 

or decommissioning in parallel with grid temperature reduction, briefly explained in Chapter 

3.1, the transition strategies are assumed to be accompanied by lower emissions from electricity 

generation and higher gas prices during different stages of the project. Comprehensive results 

show that gradual construction of STCs and a BTES, accompanied by a simultaneous scaling-

down of the CHP capacity leads to better results than their immediate construction. In Appendix 

C, comprehensive results are explained, the composition of the LCOE per transition phase for 

the selected systems is specified and sensitivity analyses are conducted.   
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6.2 Small-scale Systems  

6.2.1 Enviro-economic Optimization of Small-scale Standalone 

and Solar-coupled Central Layouts 

The indirect optimization approach (cf. Chapter 5.3) is utilized to minimize emissions and costs 

of the small-scale standalone and solar-coupled central layouts (Chapter 3.2.2.1). Table 3 sum-

marizes main components of each layout and their heating and cooling method. The objective 

functions, setup and boundaries of the optimization variables are summarized in Table 4.  

Table 3: Characteristics of small-scale standalone and solar-coupled central layouts. 

Scenario Heating Cooling STC GHE BST GB 

H1 Passive (BTES) --- Flat plate 2U-tube Vertical Peak 

H2 Active (BTES) --- Flat plate 2U-tube Vertical  Peak 

H3 Active (GSHP) --- --- 2U-tube Vertical Peak 

HC1 Passive (BTES) Active (ASHP) Flat plate 2U-tube Vertical Peak 

HC2 Active (BTES) Active (ASHP) Flat plate 2U-tube Vertical  Peak 

HC3 Active (BTES) Passive (BTES) --- 2U-tube Vertical Peak 

Table 4. Objective functions and optimization variables (indirect optimization) for 

small-scale standalone and solar-coupled central layouts. 

Objective functions Subject to 

min EF 30m ≤ LBHE  ≤ 400m 

min LCOE 6  ≤ NBHE  ≤ 300 

 56.6kW ≤ CapHP𝑏 ≤ 300kW 

 13.57𝑚2 ≤ ASTC  ≤ 5000𝑚2 

  10𝑚3    ≤ VolBST  ≤ 1000𝑚3 
b for active scenarios 

Figure 26 presents the enviro-economic optimization results of the layouts H1-H3 and HC1-

HC3. Among the heating-only layouts (H1-H3), the one with seasonal storage of solar energy 

and active discharging via a HP (H2) shows the best results. Among the combined heating and 

cooling layouts (HC1-HC3), seasonal storage of the waste heat from cooling and active dis-

charging via a HP (HC3) achieves the lowest LCOE while also obtaining a reasonably low EF. 

Nevertheless, like the heating-only layouts, the lowest EFs can be only achieved by the solar-

coupled layouts. Furthermore, the heating-only and the combined heating and cooling scenarios 

are compared, using specific and cumulative values (Figure 26 and Figure 27). For the solar-

coupled layouts (H1/H2 and HC1/HC2) cooling reduces the specific cost and emissions per 

kWh of provided energy (LCOE and EF) (Figure 26). However, it obviously increases cumulative 

energy costs and emissions (i.e. the NPV and GWP, Figure 27). For the standalone scenarios 

(H3/HC3), in contrast, cooling improves both the specific and the cumulative evaluation crite-

ria. More details about the comparison between the results, ranges of the optimized solutions 
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and relation between them as well as the composition of EF and LCOE for the characteristic 

designs can be found in Appendix D.  

 

Figure 26. Enviro-economic optimization results of the layouts H1-H3 and HC1-HC3 

(specific values). 
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Figure 27. Enviro-economic optimization results of the layouts H1-H3 and HC1-HC3 

(cumulative values). 

For final validity check of the simulation against ANN method, the most economical (Eco), the 

most environmentally-friendly (Env) and the compromise (Comp) solutions on the Pareto fronts 

are chosen. After simulating the selected points with the TRNSYS models, the results are com-

pared with the outputs from the ANN (Figure 28). As it can be seen in the figure, the ANN 

method can accurately predict the simulation results. 

 

Figure 28. Simulation vs. ANN results of EF (a) and LCOE (b) for the characteristic 

designs of the layouts H1-H3 and HC3. 
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6.2.2 Enviro-economic Optimization of Small-scale Hybrid 

Central Layouts 

In this part, enviro-economic optimization of the hybrid central layout (HC4), explained in 

Chapter 3.2.2.2, is conducted. Results are then compared with the other combined heating and 

cooling scenarios, HC1-HC3. Table 5 shows main components of the layouts and their heating 

and cooling method. The objective functions, setup and boundaries of the optimization varia-

bles are summarized in Table 6. To reduce the computational effort, upper boundaries of the 

optimization variables for each of the BTES systems in parallel are chosen from the optimization 

results of each layout separately (HC2 and HC3) (Appendix D). Moreover, optimum values for VolBST are chosen to be approximately 0.25 [m3/m2]×ASTC and 0.8 [m3/kW]×CapHP, from 

optimization results of HC2 and HC3 scenarios respectively (Appendix  D). Finally, α refers to 

the hybrid control signal, which is used for distributing the return fluid from the district loop 

between the HT and the LT loops. Higher α values show higher shares of the LT-BTES system 

in heating load supply. 

Table 5: Characteristics of combined heating and cooling layouts. 

Scenario Heating Cooling STC GHE BST GB 

HC1 Passive (BTES) Active (ASHP) Flat plate 2U-tube Vertical Peak 

HC2 Active (BTES) Active (ASHP) Flat plate 2U-tube Vertical  Peak 

HC3 Active (BTES) Passive (BTES) --- 2U-tube Vertical Peak 

HC4 Active (BTES) Passive (BTES) Flat plate 2U-tube Vertical  Peak 

 

Table 6. Objective functions, optimization variables and constraints (indirect opti-

mization) of the hybrid scenario. 

Objective functions Subject to 

min EF 30𝑚 ≤ LBHE1 ≤ 85𝑚 

min LCOE 6  ≤ NBHE1  ≤ 66 

   56.6kW ≤ CapHP1 ≤ 113.2kW 

 30𝑚 ≤ LBHE2 ≤ 220𝑚 

 6  ≤ NBHE2  ≤ 33 

   56.6kW ≤ CapHP2 ≤ 113.2kW 

 13.57𝑚2 ≤ ASTC  ≤ 1260𝑚2 

  0 ≤  α  ≤ 1 

 

The Pareto efficient solutions of the hybrid layout (HC4) are added to the optimization results 

of other combined heating and cooling scenarios (HC1-HC3), Figure 29. A comparison of the 

optimization results of all layouts reveals that the hybrid scenario achieves the lowest LCOE as 



 

   33 

well as EF for a wide range of optimal solutions with EFs of approximately lower than 95 g CO2 

eq/kWh.   

The ranges of the optimized variables on the Pareto front of the Hybrid scenario is given in 

Table 7. α has optimum values between 0.32 and 0.52, which means lower shares of the LT-

BTES system in heating load supply for most of the optimum designs. The optimum share of 

heating to cooling load supply by a standalone geothermal system is between 2-3 (Hemmata-

bady et al. ). As the cooling load is approximately 12% of the heating load, cf. Appendix D, a 

maximum α value of 0.36 could be already estimated. However, due to higher costs of solar-

coupled BTES, higher values of α, up to 0.52, are also resulted by the optimization algorithm. 

The optimization variables in Table 7 lie in smaller ranges compared with HC2 and HC3 (Ap-

pendix D). Smaller ASTC leads to the reduction in LCOE, compared with HC2 scenario. On the 

other hand, having STCs results in lower EFs in comparison with the standalone layout (HC3). 

Consequently, the parallel utilization of solar-coupled and standalone layouts for combined 

heating and cooling load supply results in enviro-economic improvement, compared with each 

of the layouts separately.  

 

Figure 29. Enviro-economic optimization results of the layouts HC1-HC4. 

The relation between the optimized variables of the designs on the Pareto fronts and their cor-

responding outputs is shown in Figures 30 and 31. Like previous layouts, EF decreases and 
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and increases LCOE. Figures 30 and 31 can be used to determine an optimal hybrid layout, 

depending on a project’s constraints and the envisaged layout, by choosing a value for the ob-
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selected from Figure 30. Optimal ratios of LBHE and NBHE for HT-BTES and LT-BTES can be 

derived from Table 7, considering that higher LBHE results in lower EF and higher LCOE (Figure 

31a and 31b). Finally, having the values of the objectives, optimal value of α can be also derived 

from Figure 31c. 

Table 7. Ranges of the optimized solutions on the Pareto fronts of the Hybrid scenario 

based on the BTES number; BTES1 (solar-coupled) and BTES2 (standalone). 0.32 ≤ α ≤ 0.52 ASTC [m2] LBHE [m] NBHE CapHP [kW] VolBST [m3] 

HT-BTES 81–977 30–65 18–36 56.6, 113.2 0.25 [m3/m2]×ASTC 

LT-BTES – 33–120 12–24 56.6 0.8 [m3/Kw]×CapHP 

 

 

Figure 30. Ranges of the optimization variables on the Pareto fronts of the Hybrid 

scenario (HC4); HT-BTES (solar-coupled) and LT-BTES (standalone). 
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   Figure 31. Change in EF and LCOE with LBHE (a and b) and α (c) on the Pareto front of the 

Hybrid scenario (HC4); BTES1 (solar-coupled) and BTES2 (standalone). 

6.2.3 Exergo-economic Optimization of Small-scale Solar-cou-

pled Decentral vs. Central layouts 

In this part, multi-objective optimization is conducted to maximize exergetic efficiency and to 

minimize costs of the layouts H1, H2 and H4 (Chapter 3.2.2). Table 8 shows main components 

of each layout, their heating method and DH concept. As mentioned before, H1 and H2 are 

based on 4GDH with central heating systems to supply heating load passively or actively and 

H4 is based on a 5GDH concept, with decentral HPs in each individual building. The objective 

functions, setup and boundaries of the optimization variables are summarized in Table 9. Uti-

lizing parallel computation method, the optimization is conducted twice for each layout, direct 

and indirect. The results from the direct optimization are used to train a proxy model for car-

rying out an indirect optimization (cf. Chapter 5.4), until final convergence of the optimization 

algorithm under more accurate optimization settings (i.e. higher number of generations and 

stall generations) is achieved.  

Table 8: Characteristics of small-scale solar-coupled central and decentral layouts. 

Scenario Concept Heating STC GHE HPs BST GB 

H1 4GDH Passive Flat plate 2U-tube --- Central Peak 

H2 4GDH Active Flat plate 2U-tube Central Central Peak 

H4 5GDH Active Flat plate 2U-tube Decentral Central/Decentral Peak 
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Table 9. Objective functions, optimization variables and constraints (parallel com-

putation and optimization) for the layouts H1, H2 and H4. 

Objective functions Subject to 

max ηexergy 30m ≤ LBHE  ≤ 400m 

min LCOE 6  ≤ NBHE  ≤ 300 

 56.6kW ≤ CapHP𝑏 ≤ 300kW 

 13.57𝑚2 ≤ ASTC  ≤ 5000𝑚2 

  10𝑚3    ≤ VolBST  ≤ 1000𝑚3 
b for active scenarios 

The number of evaluations by direct and indirect optimization methods is shown in Table 10. 

The proxy model yields a better approximation of the objective functions when more points are 

used for training. However, due to computational limitations, i.e. maximum number of availa-

ble processors and time restrictions, it may not be possible to use a large number of evaluations. 

As a part of this work, different numbers of training points were used to create the proxy models 

for the exergo-economic optimization. The minimum required number of evaluations to create 

a proxy model for each scenario with an acceptable accuracy, which is specified by the regres-

sion value R, are shown in Table 11. An R value of 1 means a close match between the guessed 

values and the actual values (cf. Appendix D). The acceptable R values are chosen to be higher 

than 0.999 for ηexergy and 0.9999 for LCOE, considering that estimating ηexergy is more difficult 

than LCOE. It can be seen in the table that the layouts H1 and H4, with 4 optimization variables, 

require at least 1500 and 2000 evaluations, while H2 with 5 optimization variables requires 

approximately 4500 runs. Moreover, more complex control strategies of H2 scenario results in 

a more difficult prediction of the proxy model. Furthermore, compared to the proxy model of 

the enviro-economic optimization (Appendix D), higher number of evaluations are required for 

the estimation of the exergo-economic objective functions. This is mainly due to more complex-

ity for the calculation of dynamic exergetic efficiency (cf. Chapter 4.1.1) in comparison with 

the environmental objective, emission factor (cf. Chapter 4.2.1). Therefore, it can be concluded 

that an accurate estimation of the proxy model, utilizing the ANN approach, is strongly depend-

ent on the number of variables, the control strategies and the objectives of the study.   

Table 10. The number of evaluations by direct and indirect optimization methods to 

train exergo-economic proxy models for the layouts H1, H2 and H4. 

Optimization method Number of evaluations 

 H1 H2 H4 

Direct 4000 11000 5500 

Indirect 40000 100000 40000 
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Table 11. The minimum required number of evaluations to train exergo-economic proxy 

models for the layouts H1, H2 and H4 and the corresponding regression values for 

estimating ηexergy and LCOE.  
Optimization method Number of evaluations 

 H1 H2 H4 

Minimum number of    

evaluations to train the ANN 
1500 4500 2000 

R value for ηexergy 0.99975 0.99918 0.99924 

R value for LCOE 0.99997 0.99976 0.99997 

Figure 32 shows the comparison between the direct and indirect exergo-economic optimization 

methods. As it is explained before, ANN-based optimization is conducted using the results from 

the direct optimization for the final convergence of the optimization. The non-dominated points 

of each layout are on a Pareto front, with higher efficiencies and lower costs, which is closest 

to the bottom right corner. As it can be seen in the figure, the final convergence results in better 

design points for both objectives, closer to the bottom right corners, which also leads to the 

specification of more accurate ranges for the optimization variables using indirect method. 

Moreover, it can be concluded that the direct optimization has acceptable results, with nearly 

the same shapes for the objective functions as those from the indirect method with approxi-

mately 10 times more evaluations. Consequently, the number of evaluations, shown in table 

10, can be also considered as the required number for the convergence of a direct optimization 

method.  

 

Figure 32. Direct (top) and indirect (bottom) exergo-economic optimization of the 

layouts H1, H2 and H4. 
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The Pareto fronts of direct and indirect optimization of different layouts can be seen together 

in Figure 33. The comparison between the Pareto fronts of the investigated layouts shows that 

H4 (i.e. the layout with seasonal storage and decentral HPs) and H2 (i.e. the layout with sea-

sonal storage and active discharging via a central HP) yield better results than H1 (i.e. the 

layout with seasonal storage and passive discharging). For the exergetic efficiencies between 

20% and 30%, H4 shows better results than H2. On the other hand, the highest values of ηexergy 
(higher than 30%, that corresponds to the points with LCOE of higher than 8.6 [ct/kWh]) as 

well as the lowest values of LCOE (lower than 6.6 [ct/kWh], that corresponds to the points with ηexergy of lower than 20%) can only be achieved by H2 scenario.  

 

Figure 33. Exergo-economic optimization results of the layouts H1, H2 and H4 

As the objective of many feasibility studies of renewable energy systems is reducing environ-

mental emissions, the selected designs on the Pareto fronts need to be also investigated envi-

ronmentally. This helps to specify the EF by having the ηexergy of the investigated layout. Figure 

34 shows the relation between ηexergy and EF for the designs on the Pareto fronts of the layouts. 

As it can be seen in the figure, this relation can be defined as a separate function for every 

system.  
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Figure 34. Relation between ηexergy and EF for the designs on the Pareto fronts of the 
layouts H1, H2 and H4. 

By limiting the highest acceptable LCOE on 20 [ct/kWh] and the maximum ηexergy on the values 

corresponding to maximum EF of 100 [gr/kWh], the range of the optimized variables on the 

Pareto front of each scenario can be seen in Table 12. As it can be seen in the table, H1 requires 

the largest ASTC and VolBST for the diurnal storage of the collected solar energy. On the other 

hand, H2 has the smallest ASTC which is compensated by the largest drilling lengths (LBTES =LBHE NBHE). This means that STCs are utilized for preheating the BTES up to a temperature 

level which is suitable for active load supply rather than bypassing the HP to supply the load 

passively. Finally, H4 yields the lowest LBTES when more economical designs are planned. This 

means that preheating of the district loop which is fed to the decentral HPs is mostly done 

directly by STCs. For the most efficient designs this is supplemented by indirectly supplying the 

seasonally-stored solar energy, utilizing BTES, which means larger ASTC, LBTES and VolBST are 

required. 

Table 12. Range of the optimization variables on the Pareto fronts of the layouts H1, 

H2 and H4 with maximum EF of 100 [gr/kWh] and LCOE of 20 [ct/kWh] 

Scenario 
𝐋𝐂𝐎𝐄 

[ct/kWh] 

𝛈 𝐱  𝐠𝐲       
[%] 

𝐋𝐁𝐇𝐄 

[m] 
𝐍𝐁𝐇𝐄 

𝐂  𝐇𝐏   

[kW] 

𝐀𝐒 𝐂        

[m2] 

𝐕𝐨𝐥𝐁𝐒         

[m3] 

H1 12.9 - 20  19.8 – 29 49 - 67 48 - 72 - 1872 - 2279 262 - 834 

H2 6.7 - 19.8 23.2 – 44.5 30 - 96 36 - 132 113.2 163 - 529 28 - 344 

H4 7.2 - 20 23.6 - 33.9 77 - 133 12 - 108 52×2.8 407 - 1221 10 - 310 

y = 0.2346x2 - 15.791x + 319.51

y = 0.0757x2 - 6.3767x + 205.88

y = 0.3311x2 - 21.478x + 412.26
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The relation between the optimized variables of the sample points on the Pareto fronts and 

their corresponding outputs is shown in Figure 35. As it is expected, for all scenarios ηexergy 

and LCOE increase by increasing LBTES for installing double U-tube BHEs. Similarly, an increase 

in ASTC increases ηexergy and LCOE. Figure 35 can be used to determine an optimal layout of 

the STC and the BTES, depending on a project’s constraints and the envisaged layout, by choos-

ing a value for the objectives. For a chosen total drilling length LBTES, optimal ratios for LBHE 

and NBHE can be derived from Table 12, considering scattering of the decision variables LBHE 

and VolBST and the corresponding values of the objectives ηexergy and LCOE (cf. Figure 36). 

 

 

Figure 35. Ranges of the optimization variables on the Pareto fronts of the layouts 

H1, H2 and H4. 
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Figure 36. Change in ηexergy and LCOE with LBHE (a and b) and VolBST (c and d) for the 
designs on the Pareto fronts of the layouts H1, H2 and H4. 

The characteristic designs and their corresponding optimized values for LCOE and EF of maxi-

mum 20 [ct/kWh] and 100 [gr/kWh] are given in Table 13. The characteristic points are sim-

ulated in TRNSYS and the results are then compared with the outputs from the ANN. As shown 

in Figure 37, the simulation results closely match the outputs from the ANN proxy model, which 

proves the validity of the ANN method for estimating ηexergy and LCOE.  

Table 13. The economical, the compromise and the efficient system designs of the 

Pareto fronts of the layouts H1, H2 and H4 with maximum EF of 100 [gr/kWh] and LCOE 

of 20 [ct/kWh] 

Scenario  
𝐋𝐂𝐎𝐄 

[ct/kWh] 

𝛈 𝐱  𝐠𝐲 
[%] 

𝐄𝐅                

[gCO2eq /kWh] 

𝐋𝐁𝐇𝐄 

[m] 
𝐍𝐁𝐇𝐄 

𝐂  𝐇𝐏 

[kW] 

𝐀𝐒 𝐂  
[m2] 

𝐕𝐨𝐥𝐁𝐒  

[m3] 

H1 

Economical 12.9 19.8 98 52 48  1913 265 

Compromise 16.2 26.5 66 57 72  2239 386 

Most efficient 20 29 58 66 72  2239 834 

H2 

Economical 6.7 23.2 98 30 36 113.2 163 30 

Compromise 12.1 42.9 76 47 132 113.2 489 104 

Most efficient 19.8 44.5 68 96 132 113.2 489 342 

 

H4 

 

Economical 7.2 23.6 95 94 12 52×2.8 407 10 

Compromise 11 30.5 72 107 24 52×2.8 977 52 

Most efficient 20 33.9 63 94 96 52×2.8 1221 285 
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Figure 37. Simulation vs. ANN results of ηexergy (a) and LCOE (b) for the characteristic 
designs of the layouts H1, H2 and H4 

To gain deeper insight into the coherencies of the results, the component-wise exergy destruc-

tion and loss and composition of LCOE for all characteristic designs of Table 13 is shown in 

Figures 38 and 39. For all layouts, increase in initial costs (IC) of STCs (and correspondingly VolBST and LBTES) is the most important reason of increase in LCOE. ICs have the highest shares 

in all characteristic designs of the passive (H1) as well as in the efficient and the compromise 

designs of the active layouts (H2 and H4). Operational costs (OCs), mostly due to electricity 

consumption of HPs, have considerable shares in LCOE of all characteristic designs of the active 

layouts. Maintenance costs (MCs), which are mainly from STCs, are higher for the passive lay-

out and increase with higher shares of STCs from the economical to the most efficient designs. 

 

Figure 38. Component-wise LCOE of the characteristic designs of Table 13. 

As it can be seen in Figure 39, the total exergy destruction and loss (called exergy destruction 

in other parts of this chapter) is reduced by moving from the economical to the efficient designs. 

For the economical designs, the highest exergy destruction is from the GB followed by the HPs 

in the active and the HEXs in the passive layouts. For the compromise solutions, these are almost 

balanced and for the most efficient designs, the HPs and the HEXs have considerable shares in 
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exergy destruction of the active and passive layouts respectively. For H1 scenario, the GB has 

high share in exergy destruction even in the most efficient layout. This is mainly the result of 

supplying a high percentage of the load by the GB during the first years of operation while the 

BTES has not reached the suitable temperature levels for passive load supply yet. Moreover, it 

can be implied that the exergy destruction of the BTES is strongly dependent on its temperature 

level. Consequently, H1 scenario, which has the highest temperature for supplying the load 

passively, has the largest exergy destruction in the BTES, compared to H2 and H4. Furthermore, 

exergy destruction in the BSTs, circulating pumps and DH pipes have the lowest shares in the 

overall exergy destruction, compared to the other components of the layouts. Finally, H4 sce-

nario has the lowest exergy destruction in the DH pipes because of its lower temperature level. 

However, the effect of decentralization of the HPs in reducing the overall exergy destruction 

will be more influential in higher supply temperatures.   

 

Figure 39. Component-wise exergy destruction and loss of the characteristic designs 

of Table 13. 

To have a better understanding of the sources of inefficiencies, the Sankey diagrams of the 

compromise designs of the investigated layouts are presented. Each Sankey diagram shows ex-

ergy inputs to the system, being Natural Gas (NG Exe., Equation 6), exergy from the solar col-

lector modules (Solar Exe., Equation 8) and electricity from grid. The input exergy constitutes 

either the product exergy (the exergy content of supplied heat demand) or the exergy destruc-

tion and loss (Exe. Des.) during the project lifetime of 30 years.  

The exergy Sankey diagram of the compromise design of scenario H1 is illustrated in Figure 40. 

As it is mentioned before, for H1 scenario, with large required areas of STCs, the solar loop HEX 

and the BTES are the major sources of inefficiencies after the GB. This indicates the importance 

of choosing a solar loop HEX with higher effectiveness, which is taken as 0.8 according to the 

operational data from the reference case (Leidos 2014). Moreover, exergetically optimizing de-

sign temperature and flow rate of the solar loop will lead to reduced losses in the HEX and the 

BTES. The optimization of the design temperature does not necessarily mean its reduction. The 

reduction of the BTES storage temperature will increase the GB operation, especially during the 
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first years, when the BTES has not reached its suitable temperature level to supply the load 

directly. Therefore, supply temperature and flow rate of the solar loop are suggested to be 

added to the other dimensional optimization variables of scenario H1 for a more efficient system 

design. To reduce the degrees of freedom in the optimization study, this shall be done as a 

supplementary second stage, with specified values from the first stage dimensional optimiza-

tion.   

 

Figure 40. Sankey exergy diagram of the compromise point of layout H1 showing 

component-wise exergy destruction and loss [MWh/30yrs]. 

The exergy Sankey diagram of the compromise design of scenario H2 is illustrated in Figure 41. 

HP and GB are the main sources of exergy destruction for this design. In comparison with the 

compromise design of layout H1, smaller areas of STCs and larger BTES drilling lengths are 

yielded by the optimization. As mentioned earlier, the BTES is only heated up to lower temper-

ature levels for active load supply. Consequently, there is lower exergy destruction in the solar 

loop HEX as well as the BTES. However, the overall exergy destruction of the ground loop (incl. 

HP and BTES) is slightly higher than for layout H1 (BTES), which is compensated by much 

lower destruction of the solar thermal exergy input and leads to more efficient operation of the 

overall system. 

 

Figure 41. Sankey exergy diagram of the compromise point of layout H2 showing compo-

nent-wise exergy destruction and loss [MWh/30yrs]. 
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In the compromise point of H4 (Figure 42), the highest source of exergy destruction is from the 

decentral HPs, followed by the GBs. As mentioned in Chapter 3.2.2.3, to lower the exergy de-

struction of the HPs, the entering evaporator temperature (i.e. the district loop supply temper-

ature, TDL) is set on 25 °C, which is the maximum possible temperature based on the manufac-

turer’s catalog (Viessmann 2020a). Figure 43 shows results of optimizing TDL for the compro-

mise solution of Table 13. As it can be seen in the figure, TDL has an optimum value of 23.6 °C 

that is defined using TOPSIS method, which is the technique for order of preference by similar-

ity to ideal solution (Hwang et al. 1993). This results in slightly higher exergetic efficiency with 

a slight increase in LCOE, compared with the initial set point temperature. However, the higher 

TDL is also associated with higher exergy destructions in the central units (incl. solar loop HEX, 

BTES and BST) and DH pipes. Consequently, TDL is suggested to be added to the other dimen-

sional optimization variables of H4 layout for a more efficient system design.  

 

Figure 42. Sankey exergy diagram of the compromise point of layout H4 showing compo-

nent-wise exergy destruction and loss [MWh/30yrs]. 

 

Figure 43. Optimization of grid supply temperature of the layout H4. 
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6.3 Comparison between Exergo- and Enviro-economic Optimiza-
tion Methods  

Choosing the right method is very important for the design of combined energy systems. In this 

part, enviro-economic and exergo-economic optimization methods for the evaluation of geo-

thermal layouts are compared. The results of enviro-economic optimization of central solar-

coupled layouts (H1 and H2) are explained in Chapter 6.2.1. In this chapter, exergo-economic 

optimization of central and decentral solar-coupled layouts (H1, H2 and H4) is conducted. To 

compare the two optimization methods for dimensioning central and decentral geothermal lay-

outs, enviro-economic optimization of the decentral solar-coupled layout (H4) is also carried 

out in this part. Figure 44 shows Pareto fronts of enviro-economic optimization of the layouts 

H1, H2 and H4. As it can be seen in the figure, H2 shows the best results for the designs with 

EFs of approximately lower than 70 [g CO2 eq/kWh] and H4 yields better results with higher 

EFs. Moreover, Pareto fronts of the two methods are illustrated together in Figure 45. As it is 

shown in the figure, the ranking of the scenarios is the same for both methods, if designs with 

EFs of higher than 100 [g CO2 eq/kWh] (i.e. exergetic efficiency of lower than 20%, cf. Figure 

34) are omitted from the exergo-economically optimized designs.    

  

Figure 44. Enviro-economic optimization results of the layouts H1, H2 and H4. 

Figure 45. Comparison between enviro-economic (left) and exergo-economic (right) 

optimization results of the layouts H1, H2 and H4. 
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By limiting the maximum LCOE to the same values, ranges of the optimization variables resulted 

from the two methods can be compared (cf. Table 13). Moreover, the equivalent EFs of the 

designs on the Pareto front of the exergo-economic optimization method as well as the Pareto 

fronts of the enviro-economic method are shown together in Figure 46. As it is already men-

tioned, increasing exergetic efficiency leads to reduced environmental impacts and a higher 

sustainability. Enviro-economic and exergo-economic optimization of H1 layout almost yield 

the same range for the objectives (Figure 46) as well as the optimization variables (Table 14). 

However, the lowest EFs can only be reached by the enviro-economic optimization, which is 

mainly due to slightly higher ASTC and VolBST. Similarly, for H4 layout, the two methods almost 

yield the same range for the objective functions and optimization variables, with higher ASTC 

and VolBST from the enviro-economic optimization. The enviro-economic method also yields 

higher ASTC and VolBST in H2 layout. However, in contrast with H1 and H4, the difference 

between the optimum values of the two methodologies is considerable. Lower ASTC is compen-

sated by longer LBTES chosen by the exergo-economic optimization method, which results in 

higher environmental emissions than the enviro-economic optimization method.  

Table 14. Ranges of the optimized solutions on the Pareto fronts of the layouts H1, 

H2 and H4, comparing exergo- and enviro-economic optimization methods. 

Scenario 
Optimization 

method 
ASTC [m2] LBHE [m] NBHE CapHP [kW] VolBST [m3] 

H1 Enviro-economic 2080 - 2650 50 - 65 42 - 66 - 310 - 690 

H1  Exergo-economic 1872 - 2279 49 - 67 48 - 72 - 262 - 834 

H2 Enviro-economic 410 - 1260 30 - 85 30 - 66 113.2 30 - 490 

H2  Exergo-economic 163 - 529 30 - 79 36 - 132 113.2 28 - 128 

H4 Enviro-economic 325 - 1384 60 - 122 6 - 24 52×2.8 10 - 86 

H4 Exergo-economic 407 - 1017 77 - 107 6 - 30 52×2.8 10 - 56 

The difference between the optimization results of the two methods for optimizing H2 is mainly 

because of neglecting the fuel exergy from the ground in exergetic evaluation of the solar-cou-

pled systems. In other words, when STCs are just used to preheat the underground, that is 

discharged actively by HPs, geothermal heat also plays an important role. However, by adding 

the input exergy from the ground to the total fuel exergy, categorization of the exergy input 

from the STCs or the ground itself (geothermal exergy) is not possible. Moreover, adding the 

input exergy from the ground to the overall fuel exergy, which already includes input exergy 

from the STCs, leads to twice consideration of the input exergy from the STCs, when the source 

of exergy input from the ground is the stored heat from the STCs. Therefore, utilization of 

exergy analysis is suggested when there is a clear border between the source of input exergy, 

e.g. in H1 layout. This border also exists when storage and extraction exergetic efficiencies 

(ηexergy S  and ηexergy Ex , using Equations 11 and 12) are calculated separately. Consequently, 

a three-objective optimization study for maximizing ηexergy S  and ηexergy Ex  in addition to min-

imizing LCOE could be the proper approach for exergo-economic optimization of active solar-

coupled central layouts (Table 15).  
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Figure 46. Comparison between enviro-economic and exergo-economic optimization 

results of the layouts H1, H2 and H4.  

Table 15. Objective functions and optimization variables of the three-objective ex-

ergo-economic optimization for the layout H2. 

Objective functions Subject to 

max ηexergy S  30m ≤ LBHE  ≤ 400m 

max ηexergy Ex  6  ≤ NBHE  ≤ 300 

min LCOE 56 ≤  CapHP ≤ 300kW 

 13.57𝑚2 ≤ ASTC  ≤ 5000𝑚2 

  10𝑚3    ≤ VolBST  ≤ 1000𝑚3 
Ranges of the optimization variables, resulted from three different optimization methods can 

be seen in Table 16. Compared with two-objective exergo-economic optimization method, the 

results of three-objective exergo-economic optimization are more similar to those of two-objec-

tive enviro-economic optimization, both having larger STCs, larger BSTs and smaller BTES. The 

three-objective method yields a wider range for the selection of ASTC, LBHE and CapHP. 
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Table 16. Ranges of the optimized solutions on the Pareto fronts of the layout H2, 

comparing exergo-economic (two-objective), enviro-economic (two-objective) and ex-

ergo-economic (three-objective) optimization methods. 

Scenario 
Optimization 

method 
ASTC [m2] LBHE [m] NBHE CapHP [kW] VolBST [m3] 

H2 
Enviro-economic      

(two objectives) 
410 - 1260 30 - 85 30 - 66 113.2 30 - 490 

H2  
Exergo-economic     

(two objectives) 
163 - 529 30 - 79 36 - 132 113.2 28 - 128 

H2 
Exergo-economic 

(three objectives)     
41 - 1576 30 - 107 36 - 54 56.6 , 113.2 10 - 410 

 

To have a better understanding of the environmental impacts of a three-objective exergo-eco-

nomic optimization, EFs of the designs on the Pareto front are calculated and can be seen to-

gether with those from the other optimization methods on Figure 47. As it can be seen in the 

figure, the three-objective method yields more ecological designs, compared with the two-ob-

jective exergo-economic optimization approach. For the designs with EFs of lower than 70 g 

CO2 eq/kWh, the enviro-economic optimization results in slightly lower EFs and LCOE, com-

pared with the three-objective exergo-economic optimization method.  

 

Figure 47. Comparison between the results of enviro-economic (two objectives), 

exergo-economic(two objectives) and exergo-economic(three objectives)optimization 

methods.  
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6.4 Step-wise Optimization of Geothermal Systems 

In this part, utilizing the computational procedure explained in Chapter 5.5, a step-wise opti-

mization of the compromise design on the Pareto front of the solar-coupled central layout with 

passive discharge of the BTES (H1) is carried out. The optimization is conducted to maximize 

the storage and extraction exergeric efficiency of the BTES (cf. Equation 9 and Equation 10) by 

defining the optimum ground loop pump flow rate at each time step. Having the inlet BTES 

temperature and the ambient (reference) temperature at each time step, a random control sig-

nal (between 0 and 1) is created, which specifies the flow rate of the variable-speed pump. The 

relation between the objective functions and the mentioned variables are then estimated by the 

ANN. Finally, the step-wise optimization is conducted by passing the BTES inlet temperature 

and ambient temperature as inputs to the proxy model, from TRNSYS to MATLAB. By maxim-

izing the storage and extraction exergetic efficiency, the optimum value of the control signal is 

passed from MATLAB to TRNSYS at each time step. The step-wise optimization of the selected 

design during project lifetime, 30 years, takes approximately 360 hours. Table 17 shows the 

influence of utilizing the step-wise optimization approach on average storage and extraction 

exergetic efficiencies of the BTES within the project lifetime. As it can be seen in the table, the 

proposed approach enhances exergetic performance of the BTES during storage as well as ex-

traction periods. Therefore, it is recommended for operational optimization of a systems in op-

eration or a selected design from a dimensional optimization.  

Table 17. Influence of utilizing the step-wise optimization approach on BTES average 

storage and extraction exergetic efficiencies within the project lifetime. 

Step-wise  Optimization ηexergy BTES S  [%] ηexergy BTES Ex  [%] 
No 68.5 87.1 

Yes 74.1 % 90 
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7 Conclusions and Recommendations 

This dissertation contains a comprehensive evaluation of geothermal layouts for DHC. There 

are various options for integrating geothermal systems in district energy systems, which depend 

on project objectives and constrains. One of the main aims of this dissertation is providing 

guidelines for designing geothermal systems in DHC grids. Consequently, the most common 

geothermal layouts are taken into consideration, which are categorized into solar-coupled and 

standalone. To lower uncertainties, the layouts are mainly proposed based on geothermal sys-

tems in operation.    

As the title of the dissertation shows, performance assessments of the layouts were conducted 

using exergo- and enviro-economic optimization methods. Enviro-economic analysis method 

was utilized for simultaneously minimizing emissions and costs of the proposed layouts. As 

enviro-economic method lacks thermodynamic assessments (Nuss 2015), an exergo-economic 

optimization was adopted for the assessment of geothermal systems for DHC. Increasing ex-

ergetic efficiency leads to reduced environmental impacts (Nuss 2015). Consequently, the ex-

ergo-economic method takes not only technical and economic but also environmental aspects 

into consideration. The developed dynamic exergy analysis method can be utilized for dimen-

sioning and technical assessment of standalone and solar-coupled geothermal layouts as well 

as separate BHE arrays. It can be coupled with an advanced control method for efficiency im-

provement of a system in operation or a dimensionally-optimized model.  

The dynamic exergo-economic assessment was conducted, utilizing direct optimization method 

to evaluate the integration of standalone BHE arrays into large-scale 4GDHC grids. The inves-

tigated layouts differ by their cooling approach (active or passive) and by the connection of the 

BTES system and the supplementary boiler in heating mode (serial or parallel). The ranking of 

the optimized layouts shows that passive cooling together with maximizing heating temperature 

shift by a heat pump, leads to the most favorable designs. Comprehensive exergy and cost anal-

yses of the Pareto efficient solutions indicates that the highest exergy destruction comes from 

HPs for the most efficient and from GBs for the least efficient designs. BTES and BSTs have the 

lowest exergy destruction for all layouts and increasing the BTES volume results in more effi-

cient DHC grids. 

To assess geothermal layouts considering required transient interaction between system com-

ponents during project lifetime, the direct optimization method may not lead to final conver-

gence of the optimization algorithm due to the required computational effort. Moreover, para-

metric studies may not lead to the best solutions for design purposes. As a highlight of this 

study, utilizing an indirect optimization approach, long-term assessment of geothermal systems 

has been considered in the convergence of the optimization procedure. ANN was utilized as a 

proxy model for estimating the objective functions. Results show that, using the initial evalua-

tion points from direct optimization for training the model, leads to accurate approximation of 

the functions. Efforts were made to control the associated uncertainties by checking the func-

tions from the training algorithm as well as by post-simulation of the selected final points. 

Moreover, by developing a parallel computation method, more training points can be fed to the 

ANN for more accurate prediction of the proxy model. It has been defined that the combination 

of an ANN and multi-objective optimization methods is an accurate and robust approach for 

long-term evaluation and comparison of geothermal heating and cooling systems. The proposed 

approach can be utilized for the optimization of different combined energy systems, where a 

large number of variables or long-term assessment of the models are required. Consequently, it 
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can help to avoid issues that has led to lower efficiencies of existing projects due to improper 

system designs. Finally, an AI-based step-wise optimization method was proposed to optimize 

an objective function by changing a control variable at each time step of the simulation. The 

step-wise method was proved to be an efficient method by improving storage and extraction 

exergetic efficiencies of a BTES system by changing its flow rate at each time step.  

Utilizing the developed indirect optimization model, the enviro-economic optimization of small-

scale solar-coupled and standalone geothermal layouts reveals that, for heating-only purposes, 

solar-coupled geothermal systems with active load supply are favorable over solar-coupled pas-

sive systems and standalone BHE systems. For combined heating and cooling purposes, passive 

cooling utilizing standalone BHE systems achieves the lowest overall costs while also obtaining 

reasonably low emissions. Nevertheless, the lowest emissions are also realized by solar-coupled 

layouts. Finally, results indicate that for combined heating and cooling load supply, a hybrid 

utilization of solar-coupled and standalone BHE arrays leads to more appropriate results, com-

pared to each layout separately.  

The parallel computation method was utilized for direct and indirect exergo-economic optimi-

zation of small-scale solar-coupled layouts in heating-only mode. The heating load was sup-

posed to be supplied passively without HPs or actively, with central or decentral HPs. The com-

parison between the Pareto fronts of the investigated layouts shows that active load supply with 

decentral HPs (5GDH) yield better results for a wide range of compromise and economic solu-

tions. The most efficient designs, though, can only be achieved by central HPs (4GDH). It can 

be concluded that the effect of decentralization of HPs in reducing the overall exergy destruc-

tion is more influential in higher supply temperatures.  

To gain deeper insight into the differences between exergo- and enviro-economic optimization 

methods, optimization results of small-scale central and decentral solar-coupled layouts were 

compared using both methods. Comparison between the results confirms that an increase in 

exergetic efficiency leads to a decrease in environmental impacts. Results also indicate that both 

methods yield the same ranking of the scenarios and the relation between ηexergy and EF can 

be written as a function for each layout separately. However, the utilization of exergo-economic 

approach for the optimization of geothermal systems is suggested when there is a clear border 

between the sources of input exergy from the underground. This can be considered by maxim-

izing exergetic efficiencies during storage and extraction periods separately. Overall, the enviro-

economic optimization is suggested for dimensioning different geothermal layouts, which needs 

to be supplemented by the developed dynamic exergetic analysis method to define operational 

variables that are influential on thermodynamic inefficiencies. Having defined the variables, an 

exergetic optimization method can improve the system’s performance by defining their optimal 

range. Finally, a step-wise optimization is recommended to maximize exergetic efficiency of 

system components by controlling adaptable operational variables at defined time steps.  
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8 Outlook 

Considering the results of this study, following future works are proposed for designing geo-

thermal systems for DHC. More detailed outlooks are explained in Appendixes B and D.   

 Hybrid utilization of two BTES systems is proven to be the most enviro-economically opti-

mal design for combined heating and cooling applications. In this study, parallel use of 

BTES systems in heating mode is evaluated. Serial utilization of BTES systems, especially 

when higher grid supply temperatures are needed, as well as exergo-economic assessment 

of hybrid models are suggested as future work.   

 ANN was used for estimating an objective function, as a function of a control signal, which 

can be then controlled in a step-wise optimization procedure. In this study, it is assumed 

that the values of the current time step can be used for the definition of the optimum control 

value of the next time step. By combining ANN and Model Predictive Control (MPC), the 

predicted value of each time step can be used for specifying its optimal control signal, which 

is suggested as a future study. 

 The conventional dynamic exergy analysis method was adapted to assess thermodynamic 

performance of the geothermal layouts. Utilizing dynamic advanced exergy analysis 

method, which splits the exergy destruction into avoidable or unavoidable (Tsatsaronis & 

Park 2002) and endogenous or exogenous (Kelly et al. 2009) parts, is suggested to be de-

veloped in details for geothermal systems. 

 Optimization of geothermal layouts using exergo-environmental analysis methods (Meyer 

et al. 2009), in which both exergy and environmental analyses are conducted and supple-

mented by assigning environmental impacts to exergy streams, is suggested as a future 

work. 

 As mentioned in Chapter 1, there are different types of UTES. Comparing the optimum 

integration of these systems for different boundary conditions can provide a comprehensive 

guideline for increasing the share of seasonal TES in district energy grids. 
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Abstract: Borehole thermal energy storage (BTES) systems facilitate the subsurface seasonal storage

of thermal energy on district heating scales. These systems’ performances are strongly dependent on

operational conditions like temperature levels or hydraulic circuitry. Preliminary numerical system

simulations improve comprehension of the storage performance and its interdependencies with other

system components, but require both accurate and computationally efficient models. This study

presents a toolbox for the simulation of borehole thermal energy storage systems in Modelica. The

storage model is divided into a borehole heat exchanger (BHE), a local, and a global sub-model. For

each sub-model, different modeling approaches can be deployed. To assess the overall performance

of the model, two studies are carried out: One compares the model results to those of 3D finite

element method (FEM) models to investigate the model’s validity over a large range of parameters.

In a second study, the accuracies of the implemented model variants are assessed by comparing

their results to monitoring data from an existing BTES system. Both studies prove the validity of the

modeling approaches under investigation. Although the differences in accuracy for the compared

variants are small, the proper model choice can significantly reduce the computational effort.

Keywords: borehole thermal energy storage; Modelica; district heating; borehole heat exchanger;

thermal resistance capacity model; model reduction

1. Introduction

Borehole thermal energy storage (BTES) systems are suitable for large-scale storage of thermal

energy in the subsurface over periods of several months, thus facilitating seasonal storage of, e.g., solar

thermal energy or waste heat [1–3]. The concept is principally based on storage of thermal energy in

the subsurface, while the subsurface (i.e., soil or rock and pore water) serves as storage medium, the

heat is injected and extracted with an array of borehole heat exchangers (BHE). For the construction

of BHEs, a closed pipe loop is placed into a borehole and the remaining annular space between the

piping and the borehole wall is backfilled to establish a good thermal contact between the pipes and

the ground. Subsequently, heat can be injected or extracted by circulating a heat carrier fluid through

the BHEs. The temperature difference between the heat carrier fluid and the rock determines the

direction of heat transfer. For efficient operation of BTES systems, careful design based on a thorough

understanding of its behavior is imperative. Operational conditions like the temperature and volume

flow of the entering fluid have a strong impact on the storage performance. These conditions are

defined by other components of the district heating system in which the BTES is embedded. Therefore,
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a dynamic simulation of the whole system is necessary to account for all interactions and to achieve an

accurate assessment of the heating system’s performance. A language for the modeling and simulation

of multi-domain physical systems is Modelica [4]. It uses an object-oriented equation-based approach

facilitating state of the art modeling, simulation, and optimization of district heating systems [5–7].

While there are numerous analytical and numerical modeling approaches for the standalone assessment

of BTES systems [8–10], only very few of those models are suited and implemented for dynamic system

simulation software tools [11,12]. To overcome this and facilitate both accurate and efficient modeling

and simulation of BTES systems in Modelica, a new model was developed. The model exploits typical

characteristics of BTES systems for reducing the model complexity, while including the most important

features of practical applications.

1.1. State-of-the-Art Modeling Approaches for BTES Systems

BTES systems are preferably built in areas with little to no groundwater flow to avoid larger

dissipation of thermal energy by convective heat transport [13]. Thus, BTES models often disregard

convective heat transport in the subsurface and focus on conductive processes [2,14]. However, the

heat transport inside the BHE pipes is dominated by the circulation of the heat carrier fluid making

convection the most important process. This difference in the prevailing heat transport processes

inside and outside the BHE and their corresponding magnitudes have led to a variety of hybrid

models [15–17]. These models usually consist of sub-models for the BHE and the surrounding ground.

While the dimensions of the BHE models reach down to millimeters and seconds, the ground models

focus primarily on scales from centimeters to dozens of meters and hours to years. This large range of

magnitudes of the ground model has led to many approaches, which further divide the ground into a

local and a global part. The local part covers the heat dissipation process around a single BHE and the

global part considers only the heat transport between those local areas and the ground surrounding

the storage [18]. Consequently, the division of the model decouples the different superposed heat

diffusion processes of the storage system. When interactions with other model parts are disregarded,

the underlying processes in all three models (the BHE model, the local, and the global model) exhibit

distinct radial symmetric characteristics. This allows for a reduction of the model dimensions from 3D

to 2D, which goes along with a significant reduction in the model’s degrees of freedom (DoF). For each

of the aforementioned sub-models, multiple analytical and numerical modeling approaches exist.

1.2. Existing BTES Models for Dynamic System Simulation

In general, there are many models for BHEs implemented into different software tools for dynamic

system simulation. However, only a few take into account the thermal interactions between neighboring

BHEs [16]. One of the first models—the Superposition Borehole Model (SBM)—was conceptualized

by Eskilsson and Claesson [19]. It uses Thermal Resistance Models (TRM) for the representation of

single BHEs. So-called “g-functions” are applied to factor in the interactions between neighboring

BHEs in arrays with arbitrary geometric configurations. However, such functions have to be generated

in advance by externally executed detailed numerical simulations. They solve the thermal response of

a step-pulse for multiple line sources in a dimensionless form. Some methods have been developed

to aggregate pulses further back in time, thus facilitating multi-year simulations with dynamic load

conditions [20]. However, as transient storage operation conditions require sophisticated temporal

superposition, the model is more suited for constant operation scenarios.

The most widespread BTES model is the duct ground storage model (DST) by Pahud and

Hellström [11]. It reduces the global 3D thermal diffusion problem to a 2D problem assuming a radial

symmetric storage geometry. As with the aforementioned SBM, the DST model also utilizes a TRM

approach to represent single BHEs. The overall temperature inside the ground is obtained by the

superposition of a local, a global, and a steady flux part. While the local and the global model are

realized with finite difference models (FDM), the steady flux part is defined by analytical equations.



Energies 2020, 13, 2327 3 of 23

Both the SBM and the DST model have been implemented into TRNSYS [21], a software for dynamic

simulations of thermal energy systems.

So far, the only BTES model that has been developed using the modeling language Modelica,

is the Hybrid Step Response Model (HSRM) by Picard and Helsen [12]. For the representation of

BHEs, the model uses a Thermal Resistance and Capacity Model (TRCM), as introduced by Bauer [22],

increasing the short-time accuracy compared to TRM based models. Around each single BHE, a radial

FDM is used for the local model. Moreover, the global temperature field is obtained using Javed’s

method [20], which is a simplified and more compact version of Claesson’s approach. It analytically

calculates the step response of multiple equal line sources. Temporal superposition of multiple pulses

again renders the consideration of time-varying operation scenarios possible. As a result, the HSRM

model facilitates accurate simulations of both short-term and long-term behavior of BTES systems with

arbitrary designs. Nevertheless, the pre-calculation of the response functions for the global model are

time-consuming. Consequently, the model is better suited for studies with a small number of different

configurations. As a uniform temperature along all borehole walls is assumed, the applicability of the

HSRM model is restricted to BTES systems with BHEs connected in parallel

Obviously, the existing models for simulation of BTES systems have certain drawbacks: Both the

DST and SBM model disregard the thermal capacity of the backfilling inside the boreholes. Considering

that the space between the pipes and the borehole wall—i.e., the backfilled space—yields the steepest

thermal gradients, this imposes a serious limitation on the short-time accuracy of these models.

Furthermore, there is no existing model that can simulate both the impact of different hydraulic

circuitries as well as the resulting pressure losses. While parallel connection of BHEs is common for

heat extraction boreholes, most BHE arrays for storage purposes show serial connection schemes.

Therefore, disregarding serial connections as in the HSRM model poses a strong limitation for BTES

applications. Moreover, the existing models assume homogeneous thermal properties inside the storage

volume and do not allow for consideration of stratigraphic changes in these properties or of an upper

BHE section with thermally insulating grout [23]. Additionally, there are some practical limitations of

the models. For example, it is not possible to simulate two instances of the DST model simultaneously.

One general advantage of the modeling language Modelica is the possibility to create

tool-independent models that can be used in different modeling and simulation environments.

Even though Modelica standard conformity poses a challenging task for complex models, developers

should try not to restrain the use of their model to a single software. Unfortunately, the HSRM does

only work in the Modelica environment it was developed with.

To overcome these issues, a new open source Modelica toolbox for the Simulation of BTES systems,

the MoBTES component library, has been developed. It is not restricted to a single simulation

environment and has a modular structure, enabling modification of component type and modeling

approaches. Important design features of BTES systems, like serial and parallel BHE connections,

reversal of flow direction, pressure loss calculation, consideration of stratigraphic subsurface models,

and partly insulated BHEs, are implemented.

2. Methods

2.1. MoBTES Modeling Approaches

To enable the efficient simulation of BTES systems in Modelica for both dynamic system simulations

and large parameter studies, the component library MoBTES was created. It extensively utilizes

object-orientation to allow for a high reusability of the BTES model components and an easy extensibility.

It comprises components for the simulation of BHEs and BTES systems and uses components and

interfaces from the Modelica standard libraries Fluid Heat Flow and Heat Transfer [4]. Generally, all

models are built in accordance with the Modelica Language Specification version 3.4 [4], avoiding syntax

and scripts specific to individual Modelica environments. Nevertheless, problems may occur since

each environment handles the implementation of the Modelica language slightly different. The library
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has been developed and optimized for user experience using SimulationX [24], but other software

tools have been successfully tested as well. A short description of the library structure and the tested

simulation environments can be found in Appendix A.

Analogous to the previously mentioned BTES modeling approaches, the model is subdivided

into a global part, a local part, and a BHE part. In contrast to the actual shape of the storage under

investigation, circular global, and local models are used, allowing for a reduction from 3D to 2D, by

exploiting their symmetries. However, MoBTES offers the option to choose from circular, rectangular,

and hexagonal layouts. The radii of the global and local models are calculated to result in volumes

equivalent to those of the actual layout. The hypothesis that the size of the model volume is of higher

importance than its shape is in line with Hellström [18] who concluded a detailed study on this matter.

Figure 1 shows the discretization of the modeled region into smaller volume elements that

form the global model. The global model calculates heat flows on a large scale and therefor only

considers the average temperature inside each volume element. Each global element, which is located

inside the actual storage region, is connected to an element of the local model. This local element,

in turn, is connected to a corresponding BHE element, such that it interconnects the BHE element

with the global element. This setup of interfaces between the different sub-models links the borehole

wall temperature and the average temperature inside the respective storage volume, i.e., the global

element temperature. Exploiting the equation-based nature of Modelica, this allows for an independent

mathematical description of the thermal processes within each sub-model.

 

r

z

R R

R
R

GLOBAL

BHE LOCAL

Tglo
Tb

Thermal connection
Thermal/Fluid portR

Storage region
Thermal resistance

Figure 1. Mesh of a MoBTES model (right) and the fundamental connection scheme of the sub-models

(left). The local element interconnects the global elements to their associated borehole heat exchanger

(BHE) elements by giving a relation between the borehole wall temperature (Tb) and the mean volume

temperature (Tglo).

The definition of interfaces between the sub-models together with Modelica’s object-oriented

approach render the replacement of each sub-model possible and facilitate the utilization of different

modeling approaches or component types. This enables the adaption of the model to the requirements

of each application in terms of short- or long-term accuracy and computational effort. All currently

available variants will be outlined in the following chapters.

2.1.1. Borehole Heat Exchanger Models

The BHEs are divided vertically into segments that are connected by flow ports. MoBTES offers

two interchangeable approaches to solve the heat transport problem inside the BHEs, both of which
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have their advantages and disadvantages. As the default approach, a TRCM after Bauer [22] is

deployed, which takes account of the thermal capacities of the grout and therefore achieves a more

accurate reproduction of the transient short-time behavior. The second approach disregards the grout

capacities in a TRM. Consequently, the degrees of freedom (DoF) and thus the computing time are

reduced. Both approaches contain models for Single-U, Double-U, and Coaxial BHEs. A detailed

definition of the models is given by Bauer [22,25].

2.1.2. Local Heat Transport Models

The main purpose of a local model is to link the borehole wall temperature Tb of the BHE segment

it is connected with, to the temperature of its corresponding global volume element Tglo, which is

defined as the average temperature inside this ground volume. There are currently two different

approaches for the local model implemented in MoBTES: one generally more suited for transient

operation scenarios and the other one rather for more steady conditions like step-response studies. For

the more transient case, an FDM is used to represent the radial symmetric process around a single BHE

segment. The approach, which is already known from the DST or HSRM models [11,12], divides the

local volume into concentric ring elements (see Figure 2a). Following Eskilson and Claesson’s [19]

guidelines for radial meshing, the three innermost elements have an equal thickness and succeeding

elements grow by a constant factor. As defined by Equation (1), the global temperature Tglo is calculated

by the weighted average ring temperatures. Ci and Ti are the thermal capacity and temperature of a

single ring element, respectively, and Cloc is the overall thermal capacity of the local volume.

Tglo =

nrings
∑

i=1

Ci

Cloc
∗ Ti (1)

 

= ∗

r

T

rlocrb

Tb

Tglo
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Figure 2. Local model concepts: (a) finite differences model and (b) steady flux model.

The heat flux qglo to or from a volume element is defined on the global level and distributed as qi

among the n ring elements of the local model according to the weighting factors.

The second local model variant implemented in MoBTES is based on the steady flux part of

the analytical solution for heat conduction inside a hollow cylinder with a fixed heat flow Qsf at the

inner boundary and no flow of heat over the outer boundary [26] (see Figure 2b). This steady flux

profile describes the temperature gradient within the hollow cylinder after initial transient processes

have subsided. Its shape is time-independent and can therefore be used to calculate the temperature

difference between the borehole wall temperature Tb and the average volume temperature Tglo. The
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relation between the steady flux Qsf and this temperature difference can be expressed as a resistance

Rs f . The DST model uses this resistance to calculate heat transport processes for long time-scales [11].

Carslaw and Jaeger analytically investigated the conduction of heat in a hollow cylinder for

different boundary conditions [27]. Their result for the above-mentioned case of a fixed heat flow Qsf

over the inner boundary and no flow of heat over the outer boundary is given by Equation (2) and

can be used to obtain a solution for the local volume temperature profile. It depends on time and

radius and consists of three terms. The first one only depends on the energy injected over time and

gives an expression for the average volume temperature Tm (Equation (3)). The second term defines a

time-independent radial temperature profile To, which corresponds to the profile shape under steady

flux conditions, where R0 is the thermal resistance between the borehole wall radius rb and radius r,

rloc the radius of the local volume and λ the thermal conductivity inside the volume (Equation (4)).

T(r, t) = Qsf
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Finally, the third term describes the transition from the initially uniform temperature inside the

hollow cylinder to the steady flux temperature profile. Its summands converge to zero with time. The

speed of this process depends on the size of the respective time constants τi and is generally higher for

summands with a higher index i. If this initial transition period is disregarded, Equations (5)–(8) can

be used to obtain an expression for the steady flux resistance Rsf.

T(rb, t) − Tm(t) = T0(rb) (5)

=
Qsf

2πλ
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2πλ

(
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3

4

)

, rloc >> rb (7)

= Qsf Rsf (8)

Franke [28] introduced the idea of implementing a surrogate capacity Csf to this steady flux model

to approximate the initial transient behavior until steady flux conditions prevail. Equation (9) gives

the definition of this capacity, where a is the thermal diffusivity of the local volume and τ1 the first and

largest time constant of Equation (2). The resulting steady flux local model is depicted in Figure 2b. It

was originally designed for dynamic optimization problems. Consequently, strong emphasis was put

on computational speed.

Csf =
τ1

Rsf
≃

rloc
2

15 a Rsf
(9)

2.1.3. Global Heat Transport Model

Most BTES systems exhibit an axial symmetry. This symmetry is exploited by the global model

to reduce the 3D problem to a 2D FDM model with axes in the radial and vertical directions. The

subsurface domain is discretized into rectangular elements. Each of these elements represents the cross

section of a ring of the modeled region. The average element temperatures, which are derived from

the local model, serve as input for the calculation of the global thermal diffusion process. Furthermore,

Dirichlet boundary conditions are used to define temperatures at the outer model edges. Thereby,
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the temperature at the model’s ground surface boundary is either set to the average annual ambient

temperature or to a time-varying temperature defined by an input. To ensure a sufficient size of

the modeled region, while simultaneously maintaining a low number of DoF, the size of the global

elements outside of the storage region increases by a defined growth factor following the scheme of

Eskilsson and Claesson [19].

2.2. Model Validation

The individual validities as well as the limitations of the sub-model approaches are demonstrated

and discussed in detail in the original literature [18,25,28]. Therefore, the validation of the MoBTES

model focuses on the functional interaction of the sub-models. To assess the accuracy of results, a

parameter study was carried out for a large range of parameters, in which the energy balances of

MoBTES models are compared to those of detailed FEM models.

In a case study, monitoring data from an existing BTES system is used to test MoBTES’ ability to

accurately reproduce real-world applications. The relative deviations δQ of the charged and discharged

energy as well as the resulting energy balance are calculated according to Equation (10).

δQ =
Qmodel −Qreference

Qreference
∗ 100% (10)

2.2.1. Parameter Study

To evaluate the long-term accuracy of the proposed model for both local model variants (FDM

and steady flux), a parameter study is carried out, in which the average annual amounts of charged

and discharged energy are compared to detailed 3D simulations. These benchmark simulations are

performed in FEFLOW [29], a commercial finite element software tool for the simulation of groundwater

flow, and mass and heat transport in porous and fractured media, which is frequently used for the

simulation of BTES applications [8,30–32]. An operation period of ten years is simulated. In each

year, the storage is charged for six months with a constant inlet temperature of 80 ◦C, and afterwards

is discharged for another six months with an inlet temperature of 20 ◦C. All BHEs are connected in

parallel and the volume flow rate is set to 2 l/s per BHE. The investigated parameter range is given in

Table 1.

Table 1. Parameter range for the 3D finite element method (FEM) benchmark models.

Parameter Range

Number of BHEs
4, 7, 9, 16, 19, 25, 36, 37, 49, 61, 62, 64, 81, 91, 93, 100,

121, 127, 130, 144, 169, 173, 196
BHE length 50 m, 100 m
BHE spacing 3 m, 5 m
BTES layout circular, rectangular, hexagonal
Local model variants steady flux, FDM with 10 capacity nodes

Closely-packed and symmetric BTES designs of rectangular, circular, and hexagonal shapes of

up to 196 BHEs are investigated (Figure 3). For each of the resulting layouts, models with a minimal

axial spacing of 3 m and 5 m between the BHEs as well as lengths of 50 m and 100 m are created.

Finally, a total of 99 corresponding benchmark simulations are carried out. Each of those benchmarks

is compared to two MoBTES simulations, one using the steady flux local model, and the other using the

FDM local model with 10 capacity nodes. Moreover, all models in this study utilize the TRM variant

for Double-U BHEs, since FEFLOW does not provide a TRCM model. A full list of all benchmark and

MoBTES models, their parametrization, and aggregated results can be found in the supplementary

data (Table S1).
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Figure 3. Top view on FEFLOW benchmark models with red markers for BHE positions: (a) hexagonal

storage with 37 BHEs; (b) circular storage with 37 BHEs; (c) rectangular storage with 36 BHEs.

2.2.2. Case Study

To assess the predictive abilities of MoBTES concerning real storage operation, a BTES system

installed in the Brædstrup solar district heating system (Denmark) [33] is simulated and the results

are compared to monitoring data. The Brædstrup system consists of 48 BHEs with a length of 45 m

each. Six BHEs are connected in series, resulting in eight strings of BHEs in parallel (see Figure 4).

During charging operation, the flow through the BTES system is directed from the central BHEs to the

peripheral BHEs. During discharging, the flow direction is reversed.

 

 

Figure 4. Brædstrup borehole thermal energy storage (BTES) system layout and serial BHE

connections [33].

An important prerequisite for an accurate simulation of a real BTES system is good knowledge of

the underground’s thermal properties at the storage location. Tordrup et al. [31] used inverse modeling

to determine thermal conductivity and volumetric heat capacity values for six geological layers at

the storage site for a suitable model parametrization. Using monitoring data of the first 500 days of

operation, they could reach an overall deviation between the energy balance of their fitted model

and the monitoring data of 4.0%. The resulting average effective values for the thermal conductivity

and the volumetric heat capacity of 1.72 W/(m K) and 1.96 MJ/(m3 K), respectively, were used for the

parametrization of the MoBTES model. However, this study has some important limitations which

have to be kept in mind for the interpretation of the case study results. For example, adiabatic boundary

conditions were set at all model boundaries to reduce the computational effort of the inverse modeling

process. This is a major limitation, especially for the ground surface boundary, where thermal losses of

the storage are usually highest.
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In contrast to Tordrup et al. [31], who used data smoothed to daily values, this study exploits the

full temporal resolution of 5 min from the raw monitoring data. Although the available data covers

the time from the initial storage startup until the end of 2017, Tordrup et al.’s parameter estimation

only utilized data of the first 500 days of operation. Therefore, the performance evaluation of the

MoBTES model is primarily conducted for this period as well. Nevertheless, selected MoBTES models

are simulated over the whole range of available data and compared to the monitored energy balance.

Figure 5 shows the measured inlet and outlet temperatures of the storage system during the

considered time span. It indicates that during this time span, different operation strategies were

tested: In 2012, the first year of operation, charging and discharging was performed in pulses with

constant volume flow rates. In contrast to that, during the second charging period in 2013, the outlet

temperatures were kept constant at defined temperature levels over longer periods, presumably by

regulation of the volume flow. The presence of different operational strategies and the comparably

good availability of data make the Brædstrup dataset a particularly suitable test case for the validation

of MoBTES.

 

 

Figure 5. Measured inlet and outlet temperatures of the BTES system in Brædstrup during the first 500

days of operation.

For the comparison of the measurement data to the MoBTES models, all implemented modeling

approaches are tested, using the monitored inlet temperature and volume flow rate time series as input.

TRM and TRCM models are deployed for the BHE models and for the local model the steady flux and

the FDM variants are compared. The FDM model’s number of capacity nodes is varied between 2 and

16. Overall, a total of 20 simulations are carried out over the first 500 days of operation. Subsequently,

the deviations between simulated and monitored values of the storage outlet temperature as well as

the charged and discharged amount of energy are calculated for all models.

3. Results

3.1. Parameter Study Results

Different BTES layouts and geometries are simulated using MoBTES with both the FDM as well as

the steady flux local model. Subsequently, the amounts of charged and discharged heat are calculated
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and compared to the results of the outcome of the respective FEFLOW benchmark models. Figure 6

shows the individual deviations of charged and discharged energy of all simulated MoBTES models.

For both model variants, regression lines are depicted for the deviation in charging and discharging to

illustrate the impact of the storage volume.

 

 

− −

−
−

Figure 6. Relative deviation of charged and discharged thermal energy between MoBTES and FEFLOW

for different storage system layouts.

Table 2 summarizes the mean results of the two local model variants. In comparison with the

FEFLOW models, the FDM models underestimate the amount of charged energy by an average of

−3.2% and discharged energy by an average of −2.3%. The similar magnitudes of deviation for both

charging and discharging result in storage efficiencies close to those of the benchmark models. While

the mean storage efficiency of all FEFLOW models is 60.9% the FDM MoBTES models yield an efficiency

of 61.4%. In contrast to that, the deviations for charging and discharging differ significantly more for

the steady flux models which achieve 62.5% storage efficiency on average. Underlying reason for this

is a small deviation of +0.6% for charging in combination with an overestimation of +3.5% for the

discharged energy amounts.

Table 2. Mean values of the MoBTES simulation results for both local model variants and deviation to

FEFLOW benchmark models (standard deviation in brackets).

Results
MoBTES

FDM
MoBTES

Steady Flux Model

Mean storage efficiency MoBTES 61.4% 62.5%
Mean deviation from FEFLOW: charged energy −3.2% (±1.1%) +0.6% (±1.0%)
Mean deviation from FEFLOW: discharged energy −2.3% (±1.3%) +3.5% (±1.7%)
Average computation time MoBTES 751.8 s 181.1 s
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On average, running an FDM model took 752 s, whereas the steady flux-based models required less

than one-quarter of this time (181 s). Most of the computation time was consumed for the preprocessing,

translation, and compilation of the Modelica models to C-code, whereas the actual simulations required

only a fraction of it. The study was carried out using SimulationX, but for comparison, selected models

were simulated in Dymola [34] and OpenModelica [35] as well. While OpenModelica yielded similar

computation times as SimulationX, the model translation and compilation in Dymola took significantly

less time resulting in much shorter overall computation times.

Figure 7 shows the impact of different parameters on the relative deviation between the charged

and discharged energy amounts of FEFLOW and MoBTES FDM models. In accordance with Figure 6,

the mean deviation in charging is larger than the deviation in discharging for all models utilizing an

FDM local model. Additionally, it can be observed that the choice of layout seems to have an impact

on the deviation, since there is a notable difference for circular, rectangular, and hexagonal layouts.

Moreover, the deviation increases for more shallow systems and for larger BHE spacings.

 

 

Figure 7. Impact of different parameters on the deviation of charged and discharged energy between

FEFLOW and MoBTES models using an FDM local model (L = BHE length, D =minimal BHE distance).

Figure 8 illustrates the distribution of the deviations between FEFLOW and steady flux MoBTES

models. During charging, the MoBTES models produce results very similar to FEFLOW and exhibit

only few outliers. In contrast, the deviation is much larger during discharging and more outliers occur.

The increased difference between relative deviations for charging and discharging leads to the higher

discrepancy in storage efficiencies (cf. Table 2).

3.2. Case Study Results

For the case study, 20 MoBTES models with different modeling approaches and levels of

discretization are simulated using monitoring data from the Bædstrup BTES inlet temperature

as input. Subsequently, their outputs are compared to the outputs of the on-site measurements. One

simulation of the considered 500-day-spanning monitoring data takes on average 12.3 min with models

using the FDM approach for the local model. Compared to that, the steady flux approach reduces the

computation time by more than 70% to only 3.5 min.
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Figure 8. Impact of different parameters on the deviation of charged and discharged energy between

FEFLOW and MoBTES models using a steady flux local model (L = BHE length, D = minimal

BHE distance).

Figure 9 plots the computation times against the average temperature deviations for all individual

simulation runs. In case of the FDM-based models, the computation time correlates with the level

of discretization, i.e., the number of capacity nodes used. The steady flux models, which have only

one capacity included, achieve a comparable computational speed to the FDM models with two

capacities. This indicates that not only the absolute amount of DoFs determines the computational

effort. Accordingly, model runs which utilize a TRCM BHE model do not generally take longer than

their TRM counterparts, even though they have additional DoFs.
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Figure 9. Computation time and mean deviation of the outlet temperature in comparison to the

Brædstrup monitoring data for different local models. FDM models are labeled with their according

number of used capacity nodes.
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As a measure for the model accuracy, the mean outlet temperature deviation ∆Tmean is determined

according to Equation (11), where tsim is the final simulation time and 𝟙 (t) is an indicator function

being 1 for times of storage operation and 0 otherwise:

∆Tmean =

∫ tsim

0
𝟙 (t) ∣

∣

∣

∣

T(t)outlet,monitoring − T(t)outlet,MoBTES

∣

∣

∣

∣

dt
∫ tsim

0
𝟙 (t)dt

(11)

Regarding the outlet temperature deviation, models using a TRCM generally perform better

than their counterparts with a TRM. Only for finer capacity node meshes both approaches’ accuracies

converge. Notably, a minimum in the deviation of the outlet temperature can be observed for the

combination of TRCM models and FDM local models with six capacity nodes. A finer discretization

does not improve the model’s accuracy any further.

Figure 10 shows the deviation of the energy balance of the MoBTES models and the monitoring data.

All models exhibit an underestimation of the energy balance by −3.2 to −8.4%. The lowest deviations

can be observed for the models, which use a steady flux local model, showing an underestimation of

the monitored energy balance of −3.2% for the model using a TRCM BHE model and −3.9% for the

TRM variant, respectively. For the simulations utilizing FDM local models, a general trend towards

lower deviations can be observed for an increase in the number of capacity nodes. Variants with six

capacities or more exhibit an underestimation of the energy balance by approximately 6%. Regarding

the BHE models, it can again be observed that models, which use the TRCM approach, show better

accuracy in comparison to their TRM counterparts.

 

 

Figure 10. Relative deviation of the MoBTES models’ energy balance in relation to the monitoring data

after 500 simulated days (number of local model capacities on finite differences bars).

A more detailed insight into the model’s short-time behavior can be gained by comparing the

results of the different TRCM-based models to the monitored data over the first 24 h of BTES system

operation (cf. Figure 11). At the initial startup of the system, the inlet temperature was kept relatively

constant at a temperature of 80 ◦C, whereas the volume flow rate was adjusted over time. During

the first twelve hours, models utilizing the FDM approach with two to five capacities or the steady

flux model result in outlet temperatures above the monitored outlet temperature, whereas FDMs with

seven or more capacities underestimate it. The model, which uses an FDM with six capacities, shows

an almost perfect fit. It can be observed that the outlet temperature of the FDM variants converges to a
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certain profile for an increasing number of capacity nodes. For the second half of the shown period,

all models overestimate the outlet temperature, exhibiting smaller deviations for models with a finer

discretization of the capacity.

 

Figure 11. Comparison of monitored and simulated outlet temperatures for MoBTES models with

Thermal Resistance and Capacity Model (TRCM) (FDM variants: number of capacity nodes increases

from top to bottom).

To test the predictive abilities of MoBTES and the underlying parametrization of the case study

over a larger time span, a steady flux model and an FDM model with six capacities (both using the

TRCM BHE model) are simulated over the whole range of available monitoring data of 1680 days.

Subsequently, the energy balance histories of the models are calculated and compared to the monitored

energy balance history (Figure 12).

 

− −

− −
−

−

Figure 12. Energy balance from monitoring data and two selected models from startup until the end of

the available data.
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The final energy balance deviation after 1680 days amounts to −2.9% and −2.4% for the FDM

approach and the steady flux approach, respectively. Surprisingly, these values are considerably lower

than the deviations observed after 500 days of simulation (−5.5% and −3.2%). More important though

is the maximum deviation which occurs during the summer of 2015 and amounts to −13.9% and

−13.1%, respectively. The difference between the energy balances of the two MoBTES model variants is

small in comparison to their deviation to the monitored data.

4. Discussion

4.1. Parameter Study

The parameter study’s main purpose is to compare MoBTES to an established model with

well-defined parameters and thereby assess its ability to accurately predict the amount of charged and

discharged thermal energy over a large parameter range. However, the FEFLOW models, which were

chosen as benchmarks, also represent a simplification of realty and are prone to the effect of geological

uncertainty. Consequently, FEFLOW’s actual accuracy in terms of simulating real BTES systems is

limited. The comparison of FEFLOW and MoBTES should therefore be regarded as validation of the

new model by numerical means.

The results presented in Section 3.1 show minor deviations between the charged and discharged

amount of heat for all MoBTES models, except for very small BTES systems (cf. Figure 6). However,

BTES systems consisting only of very few BHEs are not common, as storage efficiency generally

increases with size, making those small systems inefficient. Therefore, the inaccuracy for small systems

does not represent a major limitation of MoBTES. It is most likely caused by assumptions made for the

modeling approaches of MoBTES local models. Figure 1 illustrates that the local models exchange

thermal energy with the BHEs through the borehole walls and with the global model by extracting

and injecting heat to their whole volume. As a consequence, no heat is exchanged via their outer

boundaries. This poses a reasonable assumption for BHEs in the center of BTES systems. However, the

error is larger for BHEs at the edge of the storage volume as they are not symmetrically surrounded by

neighboring BHEs. The surface-to-volume ratio increases for small systems, hence leading to larger

deviations. As a consequence, the minimal possible number of BHEs in MoBTES was limited to seven,

to avoid excessive errors.

The overall magnitude of deviation for most models is in a low single-digit percentage range,

which can be regarded as adequate. Accordingly, it is not possible to identify a local model approach

as more accurate for simple step-response studies like the presented parameter study. However,

additional information can be drawn from it. Although, the steady flux local models exhibit comparable

magnitudes of deviation as the FDM variants, they clearly outperform them regarding the computational

efficiency (cf. Table 2). Consequently, the steady flux model is preferable for large parameter studies

with steady operation schemes.

Interestingly, the choice of the BTES layout seems to have an impact on the deviation for both

local model variants (cf. Figures 7 and 8). Circular layouts tend to higher estimates in comparison to

rectangular layouts, hexagonal resulting in the lowest estimates. There are several possible underlying

reasons, which have to be discussed:

The first one concerns the overall shape of the BTES systems and the global models. We have to

remember that MoBTES itself is a circular BTES model, and therefore the actual shapes of the benchmark

models differ for rectangular and hexagonal layouts (cf. Figure 3). If this geometry transformation was

the root cause for the observed layout impact, the circular models would have to perform best. This is

true for the FDM variants, where the magnitude of deviation is smallest for circular arrangements, but

not true for the steady flux variants, where the opposite is the case. Consequently, the model reduction

approach of the global model has probably only a minor effect.

A second potential cause regards the shape of the local models. These have a circular cross

section, whereas none of the areas around a single BHE is circular for the actual layouts. However, this
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deviation in shape is considerably smaller for hexagonal cross-sections in comparison to rectangular

ones. Again, the fact that hexagonal layouts perform best for the steady flux variants, while they

exhibit the largest deviations for FDM variants contradicts the assumption that this might be the major

cause for the impact of the choice of layout on the deviation.

A third potential cause for the observed impact of the storage layout on the deviation could

be their diverging packing densities. Equal minimal BHE distances D lead to different radii of the

local model rloc for rectangular, hexagonal, and circular layouts. Hexagonal layouts yield the highest

packing density, resulting in smaller radii rloc for the same BHE distances D. Therefore, parameter

study models with equal minimal BHE distance D, but varying storage layouts, result in different radii

rloc. If this would be the underlying reason, the observed impact would actually have to be related

to the model volume, which is directly correlated to the BHE distance D and length L. Hexagonal

layouts, which have the highest packing density, i.e., smaller storage volumes in average, yield in

lower estimates of charged and discharged amounts of energy for both local model variants. However,

the impact of BHE distance D and length L (cf. Figures 7 and 8) suggests that a potential correlation

between deviation and storage volume should be reversed.

All effects, which are implied by the presented figures, are rather small and possibly not statistically

significant. Nevertheless, some useful conclusions can be drawn by analyzing the difference in deviation

between charging and discharging for the steady flux models (cf. Figure 8 There is a higher number

of more pronounced outliers for discharging than for charging. Referring to Figure 6, these outliers

can be connected to models of small BTES systems. This indicates that steady flux models with very

small storage volumes exhibit the highest deviations from the FEFLOW benchmarks of all simulated

MoBTES models. Therefore, FDM local models should be preferably applied for the simulation of

small BTES systems.

As an overall result of the parameter study, it can be stated that MoBTES can be used for the

simulation of simple BTES applications, as it produces results very close to those of detailed FEM models.

Still, this is limited to certain applications. For example, MoBTES does not consider groundwater flow

or BHE arrangements that strongly diverge from axisymmetric layouts. However, BTES systems are

preferably built on sites with negligible groundwater flow to reduce convective losses. In addition to

that, these systems should be constructed with a low surface-to-volume ratio to ensure an efficient

performance. Due to these general rules for the construction of BTES systems, the aforementioned

limitations do not pose a problem for most practical purposes. These general rules do not necessarily

apply for regular BHE arrays, which are only used either for extraction or for injection of heat. This

underlines the importance of using MoBTES for its original purpose of storage applications.

4.2. Case Study

Design and operation of the Brædstrup system were investigated in great detail to achieve

an accurate representation by the MoBTES models [31,33]. Nevertheless, there are still significant

uncertainties left regarding the components’ thermal properties. This has to be kept in mind in order to

avoid overinterpretation when comparing the simulation results to the monitoring data. Independently,

the case study is perfectly suited for a further comparison of the different MoBTES model variants in

terms of efficiency and accuracy.

4.2.1. Computational Effort and Mean Outlet Temperature Deviation

While the simulation of BTES systems using MoBTES reduces the computational effort in

comparison to 3D FEM models by several orders of magnitude, there are significant differences

between the different MoBTES approaches as well: computation times for the initial 500-day period

range from 200 s to 1880 s (Figure 9). As expected, the specific computation time for the simulation of

one year of storage operation is considerably higher compared to the parameter study described in

Section 3.1. For example, the combination of steady flux local model and TRM BHE model takes 165.1

s per simulated year for the case study. In contrast, a comparable MoBTES model from the parameter
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study takes only 20.6 s for one year. This can probably be attributed to generally smaller time steps

in the case study due to a more transient operation, on the one hand, as well as a limitation of the

maximum time step size to the resolution of the monitoring data of 5 min on the other hand.

Putting the computational time and the mean outlet temperature deviation of the different

models in relation to each other (Figure 9) also unveils some interesting coherencies. As expected, the

computational effort generally increases with the number of capacities of the local models. Consequently,

the steady flux local models, which include only one capacity reach the lowest computation times.

Comparing the temperature deviation of TRM-based and TRCM-based combinations strongly

emphasizes the superiority of the TRCM approach. Both the FDM-TRM as well as the FDM-TRCM

model combinations’ mean outlet temperature deviations decrease with an increase in the number of

capacities. However, for higher capacity numbers they seem to converge to a certain minimal value,

which is a common outcome for grid refinement studies. However, for all models comprising less

than ten capacities, the TRCM approach achieves in some cases significantly lower deviations than

the comparable TRM models, while resulting in slightly lower computation times. As stated several

times, the consideration of the grout’s thermal capacity is of high importance. Discretization of meshes

for numerical simulation should generally be refined at model areas with steep gradients and strong

transient behavior. The temperatures within the boreholes of a BTES system fulfill both aspects, which

explains the good performance of the MoBTES variants that use TRCM BHE models.

It seems that there is a good trade-off between the computational effort and the accuracy for

models with six to eight capacities: these models gain a significant reduction in the temperature

deviation while they experience only a minor increase in the computational time. Surprisingly, the

deviation for FDM-TRCM model combinations even exhibits a minimum for six capacities, which

might be explained by a closer look at the short time performance of the models (see Section 4.2.3). In

terms of a good trade-off between computational speed and accuracy, the steady flux model combined

with a TRCM model seems to be a serious alternative to the FDM based models.

4.2.2. Comparison of Overall Energy Balance Deviations

Counterintuitively, the overall energy balance deviations (cf. Figure 10) of the models utilizing

the steady flux approach even undercut that of the FDM based models. However, this finding does

not contradict the observation that some of the FDM models perform better in terms of predicting

the outlet temperature (cf. Figure 9). This is because of two reasons: First, the underlying energy

balance is achieved by the summation of charged and discharged energy. Consequently, an error

in charging can be compensated by an equally large error in discharging. In contrast to that, the

temperature deviation considers only absolute deviation values, as defined by Equation (11). Second,

the temperature deviation does not take the volume flow rate into account. Since the volume flow rate

varies significantly over time, the simulated outlet temperature contributes to the energy balance with

varying weights.

4.2.3. Short Time Accuracy

The presented results are values integrated over the entire simulated time span. Therefore, they

are mostly defined by the long-term accuracy of the model, whereas the short-time accuracy can be

investigated best at times of strong changes in the operation of the BTES. The start-up phase of the

storage represents such a sudden change in operation, which can be regarded as a step-pulse with

a temperature raise of almost 70 K (cf. Figure 11). Moreover, the strong variation of the volume

flow rate during that time span poses an additional difficulty for the reproduction of the transient

operation behavior of the system. Most likely, the model with six capacities represents the best fit to

the monitored outlet temperature by coincidence. However, this could explain the minimum in the

mean outlet temperature deviation for this number of capacities (cf. Figure 9). In line with the results

for the average outlet temperature deviation (cf. Figure 9), the steady flux model performs equally
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well as the FDM model with five capacities. As expected, the difference between the model variants

decreases over time.

4.2.4. Comparison of Model Results and the Extended Monitoring Data

A successful comparison of the MoBTES models to the monitored data requires a good knowledge

of the subsurface properties. For the Brædstrup case study, these key input parameters are gathered

from a parameter estimation study conducted by Tordrup et al. [31]. With this parametrization,

MoBTES underestimates the amount of energy after 500 days of operation by 3.2% to 6.5% disregarding

models that use local FDM models with four or less capacities (cf. Figure 10). For comparison, the 3D

FEM model by Tordrup et al. [31] with the best fit also resulted in an underestimation of the energy

budget by 4%. This indicates that MoBTES is capable to reproduce the operation of the Brædstrup

system during this period just as well as the 3D FEM model.

Regarding the energy balance history for the extended simulation period of 1680 days (cf. Figure 12)

a maximum deviation of the MoBTES energy balance can be observed in 2015 before a trend reversal

sets in resulting in a comparably low deviation by the end of the simulation period. The change in the

model drift could indicate an insufficient size of the modeled region. However, this concern could

be dispelled as a significant increase of the outer model boundaries did not result in any noticeable

change in the models’ energy balance.

When assessing the predictive capabilities of MoBTES, the limitations of the inverse modeling

study by Tordrup et al. mentioned in Section 2.2.2 should be considered. Especially, the application

of the adiabatic model boundaries represents an oversimplification as it corresponds to a perfect

insulation on the ground surface. This is of little consequence during the initial storage operation

when temperatures inside the storage volume and consequently the losses through the ground surface

are naturally low. Therefore, this could explain both the good fit during the start-up period and the

following increasing deviation.

The decline in the deviation towards the end of the simulation is an indication that the

meaningfulness of an overall balance is limited, as different segments of the energy balance compensate

each other. However, the use of the overall energy balance as evaluation value is due to the lack of

more detailed data of the original simulations of Tordrup et al.

If an overall evaluation of the model quality is to be given, it must be considered that model

input parameters, such as heat capacities and thermal conductivities of the soil and grout are subject

to considerable uncertainties. Under this premise, the results of the FDM models with at least five

capacities and the results of the steady-flux model are sufficiently accurate. As all models have

some difficulties to accurately predict the storage behavior beyond the fitting period, the parameter

estimation study should be repeated on the data foundation that is available now, taking thermal losses

through the ground surface into account. As this goes clearly beyond the scope of this study, it should

be considered as a future application of MoBTES.

5. Conclusions

The presented MoBTES model facilitates the deployment of different modeling approaches for

its sub-models, allowing for an adaption to the numerical requirements of varying applications. The

currently implemented variants are based on well-known and proven approaches, which exploit

the physical characteristics of BTES systems. Consequently, the comparison of MoBTES to 3D FEM

benchmark models and monitoring data from an existing plant reveals only minor deviations in their

performance figures. While all variants are able to adequately reproduce the long-term system behavior,

the right choice can significantly increase the computational efficiency or short-time accuracy. In

addition to that, the presented model framework can be used as a test bed for new developed modeling

approaches, provided they are compatible with the division of the model into a global, a local and a BHE

sub-model. Other possible future applications of the developed open source Modelica library, could
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be the rededication of the BHE models for non-storage applications or the realization of additional

underground thermal energy storage technologies by reusing the available ground components.

In contrast to existing BHE models in Modelica, MoBTES is a dedicated BTES model and therefore

should cover all relevant design features of such systems. Therefore, emphasis was put on the

implementation of functionalities like serially connected BHEs, consideration of the stratigraphy at the

storage site, flow reversal, hydraulic pressure loss, or partly insulated BHEs. To ensure an efficient

operation, actual BTES systems are favorably build as compact arrays of thermally interacting BHEs

on sites with negligible groundwater movement. Therefore, MoBTES only considers those cases and

its accuracy might be impaired significantly for other applications.

The implemented model features allow for an accurate assessment of the impact of different

designs on the storage performance, while maintaining a computational efficiency suitable for system

simulation. Additionally, the flexibility of MoBTES enables the use of very fast models for extensive

parameter studies or stochastic simulation. The versatile and multi-domain modeling approach of

Modelica, allows for the integration of MoBTES into models of whole energy systems, including sector

coupling and the combination with a wide range of other open source model libraries.
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Nomenclature

BHE borehole heat exchanger

BTES borehole thermal energy storage

DoF degrees of freedom

FDM finite differences model

HSRM hybrid step response model

MoBTES Modelica borehole thermal energy storage model

SBM superposition borehole model

TRCM thermal resistance and capacity model

TRM thermal resistance model

http://www.mdpi.com/1996-1073/13/9/2327/s1
https://github.com/JFormhals/MoBTES
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Symbols

a thermal diffusivity m2/s

c gravimetric thermal capacity kg/m3

C thermal capacity J/K

D borehole spacing m

L Borehole length m

q specific heat flux W/m

Q Thermal energy J
·

Q heat flux W

r radius m

R thermal resistance K/W

T temperature K

t time s

δ relative deviation -

ρ density kg/m3

λ thermal conductivity W/(m K)

τ time constant s𝟙 indicator function -

Subscripts

b borehole wall

glo global problem

loc local problem

m mean

min minimum

sf steady flux

sim final simulation time

th thermal

0
constant temperature profile under steady flux

condition

Appendix A Modelica Library

The structure of the developed Modelica library can be seen in Figure A1. The main component is the BTES
model, which has one fluid port each for inlet and outlet of the storage. An additional input is available if the
user choses to define a time-varying ground surface temperature. All physical components, which are used to
build the BTES model, are included in in the Components package. The Components.Ground package includes
models for the global solution and the different local solutions, whereas the Components.BoreholeHeatExchangers
package includes the Single-U, Double-U and Coaxial BHE models. The Builder package includes functions and
enumerations which are needed for the assembly of the BTES model. All parameter sets which can be used in
the BTES model are stored in the Parameters package as records. There are typical data records and the records
of the examples shown in this work for the location, different soil types, the heat exchangers, grouts and heat
carrier fluids. All components or parameter records that can be replaced by each other share common base classes.
These base classes define all common properties, like interfaces or indispensable parameters, which is especially
important for the replacement of the local, global, and BHE models. New implementations should inherit from
the respective base class, to be in conformity with the MoBTES modeling approach. MoBTES version 1.0 has been
successfully tested for SimulationX and Dymola.
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Figure A1. MoBTES Modelica library structure.
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Abstract: Borehole thermal energy storage (BTES) systems are a viable option to meet the increasing
cooling demand and to increase the sustainability of low-temperature district heating and cooling
(DHC) grids. They are able to store the rejected heat of cooling cycles on a seasonal basis and deliver
this heat during the heating season. However, their efficient practical implementation requires a
thorough analysis from technical, economic and environmental points of view. In this comparative
study, a dynamic exergoeconomic assessment is adopted to evaluate various options for integrating
such a storage system into 4th generation DHC grids in heating dominated regions. For this purpose,
different layouts are modeled and parameterized. Multi-objective optimization is conducted, varying
the most important design variables in order to maximize exergetic efficiency and to minimize
levelized cost of energy (LCOE). A comparison of the optimal designs of the different layouts reveals
that passive cooling together with maximizing the heating temperature shift, accomplished by a
heat pump, lead to optimal designs. Component-wise exergy and cost analysis of the most efficient
designs highlights that heat pumps are responsible for the highest share in inefficiency while the
installation of BTES has a high impact in the LCOE. BTES and buffer storage tanks have the lowest
exergy destruction for all layouts and increasing the BTES volume results in more efficient DHC grids.

Keywords: district heating and cooling; borehole thermal energy storage; dynamic exergoeconomic
method; TRNSYS; MATLAB; coupling; multi-objective optimization

1. Introduction

In European households, heating accounts for 78% of the total final energy use. Cooling of
buildings still has a fairly small share in the energy use, but the demand during summer months is
continuously rising due to climate change [1]. It is estimated that by 2025 the installed cooling capacity
in Europe is likely to be 55–60% higher than in 2010 [2]. Therefore, simultaneous supply of heating and
cooling needs to be considered as an important part of the future energy supply system.

By 2050, more than 80% of European residents are expected to live in urban areas [3]. This trend
increases the benefits of district energy systems, which tend to be more economic for densely populated
regions [4]. District heating and cooling (DHC) systems can be environmentally beneficial and pave
the way toward the sustainable energy supply, if they are applied appropriately [4,5].

The 4th generation district heating (DH) concept specifies some prerequisites that need to be
met for the proper application of DH systems and the fulfillment of their role in a future sustainable
energy economy. The most important ones are the implementation of low-temperature DH networks,
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the ability to recycle heat from low-temperature sources such as solar and geothermal heat and the
implementation as an integrated part of smart energy systems [6]. A future 4th generation district
cooling (DC) system can be defined as a system more interactive with the electricity, DH and gas
grids [6]. Overall, a 4th generation DHC grid can be considered as a low-temperature interactive
energy grid for supplying heating and cooling demands.

Every cooling process involves the rejection of excess heat to a heat sink. Lower sink temperatures
generally result in a more efficient system operation. As the temperature of the ground during cooling
seasons is lower and more stable than the ambient temperature, it can be used as an efficient heat
sink by utilizing borehole heat exchangers (BHEs). In addition, arrays of BHEs are suitable thermal
energy storage systems for waste heat and fluctuating renewable energy sources [7]. Such borehole
thermal energy storage (BTES) systems exploit the high heat capacity of the underground to store large
quantities of heat on a seasonal basis in the geological environment [8]. The results of analyzing the
influence of design parameters on energetic performance of medium deep BTES systems showed that
they can have a very high efficiency of more than 80% in large-scale applications [7,9–11].

Aforementioned benefits of BTES systems and the increasing trend of installing cooling capacity
in Europe, makes the utilization of BTES-assisted 4th generation DHC grids an interesting concept
for future energy supply. These benefits have been already proven by several projects (e.g., [12–14]).
A review of some of these projects can be found in [15]. However, there are not enough guidelines
for designing BTES systems in DHC grids. An efficient implementation of this concept requires more
detailed assessments and system design from technical, economic and environmental points of view.
A BTES should not be regarded in isolation, but merely as one component within a district heating
and cooling network [8,16,17]. Therefore, a method needs to be selected that evaluates the optimal
integration of BTES systems into DHC grids considering their interaction with other components.

An energy carrier’s exergy is defined by its potential to interact with its environment [18], namely
the availability of energy. Exergoeconomics is the branch of engineering that combines exergy analysis
and economic principles. It can provide information to a system designer which are not available
through conventional energy analysis and economic evaluations, but crucial to the design and operation
of a cost-effective system [18]. Moreover, increasing exergy efficiency leads to reduced environmental
impacts and a higher sustainability [19]. For environmental evaluation of BTES and energy systems,
Life Cycle Assessment (LCA) has been proven to be a useful tool [20,21]. However, LCA lacks
thermodynamic assessment [19]. Therefore, the exergoeconomic analysis method can be considered as
a method which takes technical, economic and environmental aspects into consideration. Moreover, by
adding CO2 emission costs to the total costs, economic effects of direct environmental emissions can be
considered as well.

Exergy analysis of an installed BTES system for heating and cooling applications was done by
Kizilkan and Dincer [22,23]. These studies specify that a significant energy saving can be done by
determining the exergy destruction of the whole system and its components. However, they have
mainly used a static approach, which is suitable for high-temperature systems., e.g., power generation
systems. When a system’s operating temperature is close to the reference state, e.g., heating and
cooling systems, the utilization of a dynamic approach is necessary [24].

In this study, a dynamic exergoeconomic assessment approach including CO2 emission costs is
adapted to BTES systems to render a comprehensive technical, economic and environmental assessment
of their implementation into 4th generation DHC grids. The approach is presented on the example
of a generic case study. After giving a general overview on this case study, different system layouts
and scenarios are specified. Moreover, mathematical optimization is done for each scenario using the
outputs of the exergoeconomic assessment approach as objective functions, varying the most sensitive
system parameters. Finally, the results are compared and discussed.
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2. Case Study Setup

For the case study, a notional district located in Frankfurt, Germany is chosen. Frankfurt is located
in a heating-dominated region with a low cooling demand, which is mainly caused from the commercial
and industrial sectors. It is assumed to consist of 100 single family houses, 100 multifamily houses
and 50 office buildings. After designing 3D thermal zone models of each building type, load profiles
are calculated in TRNBuild [25]. Boundary conditions are based on standard libraries for building
construction types of renovated buildings [26], schedules (e.g., occupation) [27] and regime types (e.g.,
heating and cooling set point temperature) [27]. The weather data from Frankfurt airport is taken from
Meteonorm data [28].

Figure 1 shows the calculated load profile. The total annual heating and cooling demands of the
DHC grid are 8.47 GWh and 1.05 GWh, respectively, with more than 70% of the cooling demand for the
office buildings. Supply and return temperatures (Tsup, Tret) of the grid are 6 ◦C and 12 ◦C for active
and 18 ◦C and 22 ◦C for passive cooling. In accordance to the 4th generation DH concept, supply and
return temperatures are set to 45 ◦C and 35 ◦C during the heating season [29].
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Figure 1. District heating and cooling (DHC) load profile.

3. System Design Scenarios

Four generally different designs of the case district’s heating and cooling system shall be evaluated.
The proposed scenarios are summarized in Table 1. All scenarios comprise a BTES system which is
discharged by a heat pump (HP). Furthermore, the systems contain one or two gas boilers (GB) to cover
heat demands which are not covered by the BTES system. Moreover, all scenarios include a buffer
storage tank (BST) which is needed to lower the size of the BTES system, to maximize the total load
supply from the ground loop and to operate the HPs more steadily by smoothening the load demands.
The four scenarios generally differ by their approach of cooling (active or passive) and by the connection
of the BTES system and the GB (serial or parallel). All four systems have their own characteristics
during heating and cooling operation, respectively, which shall be outlined in the following.

Table 1. The proposed scenarios.

Scenario Cooling GB HPs BST

ActSer Active Serial Single stage Cooling/Heating
ActPar Active Parallel Double stage Cooling/Heating
PasSer Passive Serial Single stage Cooling/Heating
PasPar Passive Parallel Double stage Cooling/Heating
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3.1. Cooling Operation

The DHC is located in a heating-dominated region. The two general cooling approaches are

• Active Cooling (Scenarios ActSer and ActPar): The total cooling load is supplied actively by heat
pumps, which use the BTES as their heat sink (Figure 2) and

• Passive Cooling (Scenarios PasSer and PasPar): The total cooling load is supplied passively by the
BTES using heat exchangers (HEX), which separate load and sink side (Figure 3).

The BTES temperature difference is taken as 5 K for active and 3 K for passive scenarios.
The nominal BTES side flow rate of the HP, as well as the connected pump, are specified accordingly
and at a BTES side temperature of 15 ◦C. The pump is turned on or off by a thermostat, which monitors
the BST supply temperature.

In the active scenarios, either a single stage HP covers the whole cooling demand (ActSer), or each
double stage HP module covers it partially (ActPar). Double stage HPs are selected for ActPar scenario,
because of their more efficient operation in partial cooling mode. The nominal load side flow rate of
the HP, as well as that of the connected pump, are selected according to the design supply and return
temperatures. The BST thermostat turns on or off the pump and its flow rate is regulated considering
the HP output capacity. For passive scenarios, the same on/off strategy operates the pump and the
regulation is done considering the energy balance equation of the HEX.
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Figure 2. System layouts of the active cooling scenarios: ActPar (left) and ActSer (right).
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Figure 3. System layout of the passive cooling scenarios (PasSer and PasPar).

3.2. Heating Operation

The scenarios in heating mode are defined to compare the effect of the temperature shift and the
maximum corresponding heating load that can be supplied efficiently by the ground loop. The design
temperature difference of the BTES for heating mode is suggested to be between 3–5 K by some
geothermal HP manufacturers [30]. In some practical applications this is taken as approx. 4 K [14,31].
4 K can hardly be achieved for serially-connected HPs at full load performance (according to the
manufacturer’s data [32]). Therefore, to have similar boundary conditions for all scenarios, it is taken
as 5 K for this study. The nominal flow rate of the HP on the source side and the connected pump
are specified to meet the temperature difference at a source side temperature of 10 ◦C. The pump is
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controlled by the BST on/off thermostat. On the load side, lower temperature shifts increase the COP
of the HP but result in a lower BST efficiency [33] and a higher power consumption of the circulating
pumps. Consequently, the serial and parallel scenarios are proposed to assess partial and full grid
temperature shift by the ground loop, respectively. Like active cooling scenarios, the load side pump is
turned on or off by the BST thermostat and its flow rate is regulated considering the HP output capacity.

3.2.1. Serial Scenarios

In serial mode (Figure 4) the HP consists of single stage modules, which heat the return water
temperature from the bottom of the BST up to a specific set point temperature. The supplementary
boiler GB2, which is connected to the BST in series, provides the additional heat up to the grid supply
temperature of 45 ◦C. The maximum volume flow rate from the grid, which is sent from the diverter to
the BST, is specified regarding the selected HP capacity for its continuous daily operation during the
peak heating day. On the load side, the overall heat pump capacity (CapHP), the temperature shift
of the BST (∆TBST) and the volume of the BST (VolBST) are selected using an optimization approach.
Consequently, as the case study is located in a heating-dominated region, GB1 supplies the rest of the
overall heating demand, which cannot be supplied by the HP and GB2 optimally.
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Figure 4. System layout of serial heating scenarios.

3.2.2. Parallel Scenarios

The system layout for parallel scenarios is shown in Figure 5. Two serially-connected HPs heat
the return fluid from the BST up to the grid supply temperature. The amount of heat which cannot be
supplied by the ground loop will be supplied by the gas boiler, which is in parallel operation with
the HPs. On the load side, the maximum amount of the return fluid which is sent to the BST, CapHP
and VolBST are specified with the same strategy as the serial scenario and ∆TBST is fixed to the grid
temperature shift.
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Figure 5. System layout of parallel heating scenarios.

A reference scenario is designed based on energetically-efficient conventional systems. In this
reference case, the total heating demand is supplied by condensing GBs with a high energetic efficiency
of 95% [34] and the whole cooling demand is covered by air-source HPs with a seasonal COP of 4 [35].
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4. Evaluation Criterion

4.1. Exergy Analysis

As mentioned earlier, exergy is defined as a system’s potential to interact with its environment.
For thermal systems, this corresponds to the temperature difference between the heat carrier medium
and a predefined reference temperature. A variation of the reference temperature does not affect the
results of an exergy analysis significantly for systems with higher operating temperatures (e.g., power
plants). In contrast, when operation temperatures of a system are close to the reference temperature
(e.g., in heating and cooling systems), the results of an exergy analysis strongly depends on the
definition of the reference environment [36]. The reference temperature for a steady-state exergy
analysis must be chosen as a fixed temperature, such as the seasonal mean temperature or annual
mean temperature. For the dynamic analysis, however, several possible reference temperatures like
the indoor air temperature, the undisturbed ground temperature and the outdoor temperature are
discussed [36]. In this study, the outdoor temperature is considered as the reference temperature.
Thermal exergy of a fluid, which can be used for exergy calculations in heating and cooling systems [24],
can be calculated using Equation (1). T0 is the reference temperature and is taken as the ambient
temperature in this study.

.
E =

.
mcp × ((T− T0) − T0 ln

T
T0

) (1)

The exergetic efficiency (ηexergy) of a system is the ratio of the output exergy rate (
.
Eout) to the

exergy rate of the expended resources (
.
Ein) to generate this output. By integrating

.
Ein and

.
Eout into

each time step over a system’s lifetime (nend), its overall average ηexergy can be calculated (Equation (2)).

ηexergy =

∑nend
n=0

.
Eout,n

∑nend
n=0

.
Ein,n

× 100% (2)

Dynamic exergy calculation of
.
Eout and

.
Ein for the whole system in heating load (HL) and cooling

load (CL) supply can be calculated using Equations (3) and (4), respectively.

.
Eout, HL =























.
Esply −

.
Ertn T0 ≤ Tret

.
Esply Tret < T0 ≤ Tsup

0 T0 ≥ Tsup

.
Ein,HL =

.
Eelec +

.
Egas +

.
EBTES (3)

.
Eout, CL =























.
Esup −

.
Eret T0 ≥ Tret

.
Esup Tsup ≤ T0 < Tret

0 T0 ≤ Tsup

.
Ein,CL =

.
Eelec +

.
Egas −

.
EBTES (4)

where
.
EBTES is the exergy which is stored in or extracted from the BTES system during heating and

cooling seasons, it can be calculate using Equation (5). Tb denotes the temperature on the boundary

where heat transfer (
.

QBTES) occurs [9]. As BTES is considered as a component in the DHC grid, it is
taken as the average storage temperature.

.
EBTES =

.
QBTES × (1−

T0

Tb
) (5)

.
Egas, the chemical exergy of natural gas, can be calculated by Equation (6) [37] using the lower

heating value (LHV) of natural gas.
.
Egas ≈ 1.04× LHV (6)
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4.2. Economic Analysis

The total expenditures to generate the output consists of capital investment costs (
.

CIC), maintenance

costs (
.

CMC), fuel costs (
.

Cf) and environmental costs (
.

Cenv). By dividing the net present value of the
total cost by the discounted total energy output, levelized cost of energy (LCOE) can be calculated
using Equation (7) [38]. The system lifetime (nend) and the discount rate (i) are assumed to be 30 years
and 3%, respectively.

LCOE =

∑nend
n=0(

.
CIC, n +

.
CMC, n +

.
Cf,n +

.
Cenv,n) · (1 + i

)−n

∑nend
n=0

.
Qout,n (1 + i)−n

× 100% (7)

Investment cost (IC) and maintenance cost (MC) functions of the main components are listed in
Table 2. After summing up electricity consumptions (felec) as well as gas consumptions (fgas) in each
time step over the system lifetime for each simulation, fuel and environmental costs are calculated
using Equations (8) and (9). Electricity and gas costs (celec and cgas), Global Warming Potential as a
result of the consumption of electricity and gas (GWPelec and GWPgas) and the emission costs (cCO2)
as a function of the assessment year are calculated as given in Table 3.

.
Cf,n = felec, ncelec,n + fgas, ncgas,n (8)

.
Cenv,n = felec, ncCO2,nGWPelec,n + fgas, ncCO2, nGWPgas,n (9)

Table 2. Cost function of different components.

Component Investment Cost Function (€) Maintenance (€/yr.) Reference

BTES 65 × LBHE - [39]
Property 75.05 × AProperty - [40]

HP (2053.8·CapHP
−0.348) × CapHP 0.0075 × CIC [41]

BST (130 + 11,680·VolBST
−0.5545) × VolBST - [42]

GB (11,418.60 + 64.6115·CapGB
0.7978) × fGB

a 0.02 × CIC [43]
a fGB = 1.0818 − 8.2898·10−7 CapGB.

Table 3. Fuel costs, CO2 costs and GWP.

Parameter
Cost Function

2020–2030
Cost Function

2030–2050
Reference

Celec,n(€/kWh) 0.002364n + 0.131 −0.0005n + 0.1625 [44,45]
Cgas,n(€/kWh) 0.00216n + 0.0268 0.00321n + 0.04702 [44,45]
cCO2,n(€/tCO2) −0.2083n2 + 9.072n + 5.553 80 [46]

GWPelec,n(tCO2/kWh) (−20.99n + 423.89) × 10−6 (−8.595n + 287.55) × 10−6 [47]
GWPgas,n(tCO2/kWh) 250 × 10−6 250 × 10−6 [48]

4.3. Exergoeconomic Analysis

In every technoeconomic evaluation, the aim is to minimize cost and to maximize the efficiency.
Therefore, the two objective functions, Equations (2) and (7), need to be optimized simultaneously.
Setup and boundaries of the optimization variables and technical constraints are summarized in
Table 4.

max ηexergy

min LCOE
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Table 4. Ranges of optimization variables and constraints.

Subject to Reason

30 m ≤ LBHE ≤ 400 m Length range of shallow BHEs [49]
30 ≤ NBHE ≤ 1200 Heat transfer range of BHEs (W/m), corresponds to LBHE

2 m ≤ SBHE ≤ 25 m Maximum available surface area
50 kW ≤ CapHP ≤ 8150 kW Minimum capacity of each HP module/Maximum heating load
25 m3

≤ VolBST ≤ 10,000 m3 HP min. running time/continuous HP operation in peak load
3 K ≤ ∆TBST

b
≤ 10 K Minimum temperature shift of HPs/Grid temperature shift

Constraints Reason

ReyBHE ≥ 2300 Minimum Reynolds number for turbulent flow in BHEs
TBHE,in ≥ −5 ◦C Minimum peak load BHE inlet temperature [49]

b For ActSer and PasSer scenarios.

5. Computational Model

The proposed system layouts are modeled and parameterized in TRNSYS 18 [50]. MATLAB [51]
is coupled with TRNSYS for multi-objective optimization utilizing the non-dominated sorting genetic
algorithm (NSGA II) [52] toolbox.

5.1. Multi-Objective Optimization

The mentioned objective functions and constraints (Section 4.3) are specified in MATLAB. Initial
guesses from MATLAB are written into a text file, which is read by TRNSYS. The corresponding
values of the objective functions and constrains are calculated in TRNSYS and written into another
text file, which is read by MATLAB. The coupling happens once at the beginning and once at the
end of each simulation. The algorithm initially tries to find the points, which do not violate the
constraints, and assesses the objectives afterwards. This procedure is repeated for each scenario until
the best Pareto front, which is the loci of the most optimal solutions, is selected. Figure 6 illustrates the
computational model.

 

30m ≤ L  ≤ 400m30   ≤ N  ≤ 1200  𝐿2m  ≤ S   ≤ 25m50kW ≤ Cap  ≤ 8150kW 25m ≤ Vol  ≤ 10000m3K  ≤  ∆T   ≤ 10K  Rey  ≥ 2300 T , ≥ −5°C 

 

Figure 6. Computational model.

5.2. System Simulation

The calculated load profile, as shown Figure 1, is given as a time series to TRNSYS simulation
studio. Type 557, which is based on a duct storage model [53], is used for BTES modeling. It can be
used to simulate thermally interacting BHEs within a cylindrical storage volume. The validity of Type
557 has already been proven in many practical projects (e.g., [54]). Design parameters (Table 5) are
based on standard libraries [49] and location-specific parameters are chosen according to experimental
data [55]. The BST is modelled with type 534, which divides the tank’s volume into different stratified
layers and solves the energy balance equation to calculate a time-dependent temperature change of
the fluid inside the tank at different levels. It has also been used for the simulation and validation of
similar studies [56–58]. The loss coefficient (Table 5) is based on the data from a manufacturer [59]



Energies 2020, 13, 4405 9 of 26

and matches practical investigations [54,56]. Types 927 and 1221 are used for simulating single- and
double-stage HPs, respectively. According to inlet source- and load-side temperatures and flow rates,
output capacity and power consumption of HPs are calculated based on the provided catalog files.
The catalogs are chosen so that they can be representative of the operation of common HPs on the
market [32,60]. The chosen catalogs are transformed into external files with normalized values, which
are read by the HP types and a parametric study was conducted to check the compatibility of the
provided files and the original manufacturers’ catalogs. Type 700 was used to model the GBs, which are
assumed to be condensing gas boilers with a high energetic efficiency of around 95% [34]. Important
parameters of the other components including heat exchangers, pumps and thermostats were mainly
selected based on manufacturer [30] or experimental [54] data and are illustrated in Table 5.

Table 5. Main TRNSYS parameters.

Component Parameter Value Component Parameter Value

BTES BHE type 2U HP 1st stage cooling capacity 102.9 kW
Type 557 Boreholes in series 6 Type 1221 c 2nd stage cooling capacity 56.1 kW

Borehole radius 0.065 m 1st stage cooling power 22.9 kW
Pipe outer/inner radius 0.016/0.0131 m 2nd stage cooling power 10.2 kW

Pipe thermal conductivity 0.38 W/m.K 1st stage heating capacity 86.9 kW
BTES thermal conductivity 2.6 W/m.K 2nd stage heating capacity 49.8 kW

BTES heat capacity 2080 kJ/m3.K 1st stage heating power 28.9 kW
Grout thermal conductivity 2 W/m.K 2nd stage heating power 15.1 kW
Fluid specific heat (EG 25%) 3.811 kJ/kg.K

BST Number of tank nodes 30 HP Cooling capacity 59.8 kW
Type 534 Number of ports 4 Type 927 c Cooling power 13 kW

Aspect ratio 2.5 Heating capacity 50.6 kW
Loss Coefficient 0.15 W/m2.K Heating power 18 kW

Pump Total pump efficiency 60% Boiler Efficiency 95%
Type 110 Type 700

Thermostat Dead band temperature 0.5 K HEX Effectiveness 0.895
106, 113 Type 91

c Values at rated conditions of the catalog and differ from normalization values.

6. Results

Figure 7 displays the area assessed by the optimization algorithm, including points that violate
the constraints. As it is expected, the algorithm initially tries to find a minimum, where increasing the
efficiency decreases the cost. From that point on, a further increase in efficiency results in higher costs
and the algorithm searches for the loci of the points with maximum efficiencies and minimum costs.

 

 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

0 5 10 15 20 25 30 35

LC
OE

 [€
/k

W
h]

ηexergy [%]

ActSer PasSer ActPar PasPar

Figure 7. The assessed area by the optimization algorithm to find a minimum for each scenario.
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6.1. Pareto Efficient Solutions

Figure 8 shows the local evaluations by the algorithm for finding the points which do not violate
the constraints. The non-dominated points for each scenario are located on a Pareto front, which is
closest to the bottom right corner (Figures 8 and 9). On the Pareto fronts LCOE ranges from aimately 8
to 20 ct/kWh and ηexergy from 14 to 35%. For the reference scenario those numbers are 6.5 ct/kWh and
12%, respectively.
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Figure 8. Results of local evaluations by the algorithm.
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When HPs are designed to cover the whole ∆TBST i.e., in the serial scenarios, supplying cooling
load passively (PasSer) leads to more economical and more efficient designs. This means designs
with equal efficiency have lower costs and designs with equal costs are more efficient for the PasSer
scenario than for the ActSer scenario. Especially, when it comes to efficiencies higher than approx.
27%, costs for the ActSer scenario show a much steeper increase than the other scenarios.

In contrast, when double stage HPs are connected serially and cover almost half of ∆TBST i.e., in
the parallel scenarios, active cooling (ActPar) is superior to passive cooling (PasPar) for designs with
efficiencies higher than approx. 25%. However, for less efficient designs, passive cooling becomes
more economical again than active cooling.

When comparing the serial with the parallel connection of HP and GB in heating operation, it is
obvious that the parallel scenarios generally are able to reach higher efficiencies than their parallel
counterparts with equal cooling mode, while the serial systems are generally advantageous when
lower efficiencies are in demand as they reach lower costs.

However, the serial scenario with passive cooling (PasSer) also reaches exergetic efficiencies up to
32% and thus shows the most economical designs for a wide efficiency range, except for the highly
efficient design points with exergetic efficiencies over 32%. Here, ActPar scenario becomes beneficial,
as it reaches efficiencies up to almost 34%.

The ranges of the selected optimized variables for each scenario are given in Table 6. Scattering
plots showing the distribution of the volume of BTES (VolBTES) and CapHP on the pareto front of each
scenario and their effect on the objective functions are illustrated in Figure 10. VolBTES (Equation (10) [53])
is selected because it gives a relation for three of the main optimization variables including NBHE, LBHE

and SBHE. Consequently, by choosing the mentioned variables from the optimized ranges in Table 6,
an optimum design point with a corresponding HP capacity can be selected using Figure 10. Although
there are exceptions, it can be generally implied that the increase in VolBTES as well as CapHP results in
more efficient, but more expensive, design points. Figure 11a shows VolBTES for the local search of the
ActSer scenario and its effect on the objective functions. ηexergy and LCOE have their optimum values
in the middle ranges of the chosen boundaries. Moreover, a higher ∆TBST (Figure 11b) mainly results in
a more efficient and more economical design, with ηexergy showing a higher sensitivity. The objective
functions of the other serial scenario, PasSer, have approx. the same sensitivity to VolBTES and ∆TBST.

VolBTES = π×NBHE × LBHE × (0.525× SBHE)
2 (10)

Table 6. Ranges of the optimized solutions on the Pareto fronts.

Scenario LBHE [m] NBHE SBHE [m] CapHP [kW] VolBST [m3] ∆TBST [K]

ActSer 95–155 294–1194 10.7–15.1 1264–4400 917–6847 7.9–9.1
ActPar 156–200 426–924 11.4–15 2175–4349 1260–5630 -
PasSer 143–169 222–1026 7.3–11.6 809–4097 795–6356 6.7–9.8
PasPar 159–224 174–1008 11.3–14 759–4046 1459–7045 -

For further analysis of the scenarios, three characteristic Pareto efficient designs (further referred
to as Characteristic Designs) are chosen for each scenario. These include the most economical, the most
efficient and a compromise solution, which is the closest to the corner (Figures 8 and 9). Table 7 lists
their most important design parameters as well as the corresponding ηexergy and LCOE. Bold lines
show the most economical and the most efficient layouts overall, which belong to PasSer and ActPar
scenarios. The economical, the compromise and the most efficient layouts of each scenario are referred
to with ECO, COMP and EFF respectively.
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Figure 11. Local search for finding optimum ranges of (a) VolBTES and (b) ∆TBST of ActSer scenario.

Table 7. The economic, the compromise and the efficient system designs of each scenario.

Scenario
LCOE

[ct/kWh]
ηexergy

[%]
LBHE

[m]
NBHE

SBHE

[m]
CapHP

[kW]
VolBST

[m3]
∆TBST

[K]

ActSer
Economical 9.27 16.77 112 294 12.0 1264 2989 7.95

Compromise 12.37 24.05 116 702 11.0 2782 4646 8.59
Most efficient 19.45 28.49 136 1036 15.1 4400 3281 8.91

ActPar
Economical 11.73 24.69 190 426 12.8 2175 1260 -

Compromise 14.37 29.42 170 660 12.6 3136 5420 -
Most efficient 19.16 33.80 175 918 15.0 4097 4307 -

PasSer
Economical 8.02 13.81 145 222 7.4 809 3556 6.68

Compromise 10.00 22.47 143 480 10.9 2007 3008 9.50
Most efficient 15.47 32.04 153 942 11.6 4097 4658 9.65

PasPar
Economical 8.79 15.10 185 174 12.9 758 4186 -

Compromise 12.66 25.78 164 636 11.6 2073 4007 -
Most efficient 18.29 33.38 162 1008 13.3 4046 5128 -

6.2. Scenario Analysis

To gain deeper insight into the coherencies of the results and the differences for the four scenarios,
the component-wise exergy destruction and loss (Figure 12) and composition of LCOE (Figures 13–16)
for all 12 Characteristic Designs (cf. Section 6.1.) as well as for the reference case are presented and
discussed in the following sections.

6.2.1. Reference Case

As mentioned earlier, for the reference scenario the total heating demand is supposed to be
supplied by condensing GBs and the cooling demand by air-source HPs. Therefore, it has one design
point and not a pareto front. Despite high energetic efficiency, condensing GBs have a very low
exergetic efficiency as natural gas with its high exergy content is converted to generate low exergy
heat [18]. The calculated ηexergy of the condensing GBs and the air-source HPs are 11% and 21%,
respectively. Consequently, the calculated overall average ηexergy is 12% and its corresponding exergy
destruction is 240 GWh/30yrs. Moreover, using the cost functions in Tables 2 and 3, the LCOE of the
reference scenario is 6.5 ct/kWh. The largest exergy destruction belongs to the most economical design
from PasSer scenario and is 197 GWh/30yrs (Figure 12), which is almost 22% lower than the reference
case. However, its LCOE is 23.5% higher.

6.2.2. ActSer–Active Cooling and Serial Heating

The total exergy destruction is reduced significantly by moving from the economical to the most
efficient point (Figure 12). For the economical design, the highest exergy destruction is from the GBs
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followed by the HP. For the compromise solution, these are almost balanced and for the most efficient
design, the HP dominates exergy destruction. Exergy destruction of the BST and the BTES show the
lowest number compared to the other system components.
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Figure 12. Component-wise exergy destruction and loss for the economical (ECO), the compromise
(COMP) and the most efficient (EFF) designs in Table 7.
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Figure 13. Total and component-wise Levelized Life Cycle Cost (LCOE) of ActSer scenario; LCOE is
the summation of Initial Cost (IC), Operational Cost (OC), Maintenance Cost (MC) and Emission Cost
(EC) for the economical (ECO), the compromise (COMP) and the most efficient (EFF) designs.
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Figure 14. Total and component-wise Levelized Life Cycle Cost (LCOE) of ActPar scenario; LCOE is
the summation of Initial Cost (IC), Operational Cost (OC), Maintenance Cost (MC) and Emission Cost
(EC) for the economical (ECO), the compromise (COMP) and the most efficient (EFF) designs.
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Figure 15. Total and component-wise Levelized Life Cycle Cost (LCOE) of PasSer scenario; LCOE is
the summation of Initial Cost (IC), Operational Cost (OC), Maintenance Cost (MC) and Emission Cost
(EC) for the economical (ECO), the compromise (COMP) and the most efficient (EFF) designs.
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Figure 16. Total and component-wise Levelized Life Cycle Cost (LCOE) of PasPar scenario; LCOE is
the summation of Initial Cost (IC), Operational Cost (OC), Maintenance Cost (MC) and Emission Cost
(EC) for the economical (ECO), the compromise (COMP) and the most efficient (EFF) designs.

Figure 13 shows the LCOE of the Characteristic Designs for the ActSer scenario. For the economical
design ICs are lower than OCs. This relation is reversed for the most efficient and compromise designs.
It is almost three times higher for the most efficient design. GBs have the lowest share in ICs, even for
the economical layout. The largest share is either from the BTES or from the property, which is used
for installing the BTES. Combined, they make up more than 94% of the ICs of the most efficient layout.
The OCs remain almost the same for all designs, with HPs being the major part for the compromise and
the most efficient designs. The power consumption of the pumps is mainly required to circulate the
fluid inside the BTES and increases with its size. However, it also depends on NBHE, which specifies
the design pressure drop that the pump is required to meet. MCs are very low in comparison to the
other costs and increase slightly from the economical to the most efficient design point. This is mainly
due to the increased HP capacity. The highest ECs can be observed for the economical design and
originates from the high share of the GB.

6.2.3. ActPar–Active Cooling and Parallel Heating

ActPar scenario comprises the most efficient layout among all the layouts (Figure 8, Table 7).
Like for the other scenarios, the most efficient layout has the lowest share of GBs for covering the peak
demand and the highest share of HPs in heating load supply. In heating mode, entering temperatures
on the BTES side of HP1 are higher than HP2 with lower load side temperatures. In cooling mode,
HP1 has lower BTES side and load side temperatures. As HP2 has lower exergy destruction in heating
and cooling modes, it can be concluded that the load side temperature has more effect on the exergetic
performance of the HPs in the proposed system layout (Figure 12). Increased flow rates are required
to maintain the same design temperature difference on both sides of the HPs in comparison to the
other scenarios. This results in higher power consumption of the circulating pumps and the associated
exergy destruction. Like previous scenarios, the exergy destruction of the BST and the BTES are the
lowest in comparison to the other components.

As shown in Figure 14, ICs are higher than OCs for all three Characteristic Designs. The BTES and
the property have the highest shares in ICs, followed by the BST. HPs contribute to a high percentage
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of OCs, which increases from the economical to the most efficient one because of larger HP capacities.
The higher power consumption of the circulating pumps also results in their higher share in OCs,
which increases for higher efficiencies. Like previous scenarios, MCs increase and ECs decrease from
the economical to the most efficient design.

6.2.4. PasSer–Passive Cooling and Serial Heating

PasSer scenario shows the most economical and least efficient design point of all Characteristic
Designs (Table 7). As shown in Figure 12, the highest exergy destruction results from the GBs followed
by the HP. Here, due to the passive cooling strategy, the exergy destruction of the HP in cooling mode
is omitted and that of the HEX is added, which is the lowest among other components. Overall, HEX,
BST and BTES show the lowest share in exergy destruction.

As for the ActSer scenario, OCs remain almost the same for the three design options. ICs are
lower than OCs for the economical layout and more than double for the most efficient one. The largest
share of ICs is either from the BTES or from the land use, except for the economical design, for which
the property costs are much lower than the ICs of the BTES due to the lowest spacing. Like for the
ActSer scenario, MCs are negligible and increase with efficiency. The highest ECs can be observed for
the economical point and decrease for more efficient systems.

6.2.5. PasPar–Passive Cooling and Parallel Heating

As for all scenarios, the most economical layout has the highest exergy destruction, which
decreases from the economical to the most efficient solution (Figure 12). The exergy destruction of the
HP in cooling mode is replaced with that of the HEX and increases for larger BTES volumes due to
higher flow rates. In accordance with the ActPar scenario, the overall exergy destruction of HP1 is
higher than HP2, which implies the importance of load side temperature. The relatively high flow
rates of the pumps result in a high share of the overall exergy destruction, which increases from the
economical to the most efficient design.

Total and component-wise LCOE of the PasPar scenario are illustrated in Figure 16. The economical
layout has a high share of GB in heating load supply. Therefore, the OCs and ECs as a result of gas
consumption are approx. 55% and 12% of the LCOE, respectively. The most efficient solution has the
largest number of BHEs and the largest spacing of all Characteristic Designs. Consequently, the ICs are
the dominating part of the LCOE with a share of above 65%, which is again caused by high costs of the
BTES and the associated property. MCs are a minor share and increase from the economical to the
most efficient design. ECs make up almost 12% of the LCOE of the economical layout and decrease
with increasing efficiency.

6.3. Sensitivity Analysis

6.3.1. Variation of Initial Costs and Energy Costs

In a one-at-a-time sensitivity analysis, effects of 20% variation in ICs and OCs on the LCOE of the
Characteristic Designs (cf. Section 6.1.) are assessed (Figure 17). Changing the ICs has a stronger effect
than changing OCs for the most efficient designs (gray lines). In contrast to that, the OCs show a higher
impact on the LCOE for the economical layouts. By reducing OCs and ICs of the economical point
of PasSer scenario by 20%, its LCOE decreases to 7.0 ct/kWh and 7.6 ct/kWh, respectively. Moreover,
the influence of varying OCs on LCOE of different scenarios is almost the same for all of the chosen
points of each scenario. This is different from varying ICs, which has a higher influence on more
efficient layouts with larger BTES volumes and smaller GB capacities.

6.3.2. Changing Heat Pump Type

As mentioned earlier, HPs contribute to a high percentage of exergy destruction and LCOE. In the
previous parts of the study, a commonly used standard heat pump type was considered. However,
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to capture the effects of increasing HP efficiencies, the HPs of the active scenarios are replaced by a
more efficient HP type [61] with a 20% higher nominal COP (Figure 18). As expected, total exergetic
efficiency increases and LCOE decreases by using a more efficient HP. This is more pronounced for
the most efficient scenarios because of their higher contribution of HPs. For the most efficient point
of ActPar scenario, the overall exergetic efficiency increases by 11.2% and the cost decreases by 2.9%.
Therefore, using HPs with higher COPs has a larger effect on the exergetic efficiency than on the cost.
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Figure 17. Effect of varying ICs (solid lines) and OCs (dash lines) for the economical (blue),
the compromise (orange) and the most efficient (gray) designs of ActSer, ActPar, PasSer and PasPar.
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Figure 18. Effects of changing HP on LCOE and ηexergy on the economical (1), the compromise (2) and
the most efficient (3) designs of the active scenarios.
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6.4. Exergy and Global Warming Potential

Reducing environmental impacts plays a major role in global transition to renewable energies.
As mentioned earlier, the LCA method lacks thermodynamic assessment. Moreover, increasing exergy
efficiency reduces environmental impacts [19]. To have a rough estimation of how they are related
to each other, GWPs of the evaluated system layouts were calculated parallel to the optimization
procedure in each simulation run. To assess GWPs, the GWPs associated with electricity and gas
consumption are calculated based on the functions in Table 3. The GWP as a result of the production
of each system component (GWPprod,n) is calculated using available online data [20,62]. Finally,
Equation (11) was used for the calculation of each component’s GWP and then summed up for the
overall GWP of each system layout.

GWP =
∑nend

n=0
GWPelec,n + GWPgas,n + GWPprod,n (11)

Results of calculating GWP for different design points of the scenarios and their corresponding
exergetic efficiency are illustrated in Figure 19. As expected, an increase in exergetic efficiency leads
to a decrease in environmental impacts. This trend can be expressed by a function. Therefore,
the exergoeconomic optimization results in system layouts with lower GWP by taking thermodynamic
inefficiencies into consideration.
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Figure 19. Relation between ηexergy and GWP.

7. Discussion

7.1. Limitations

On the one hand, a generic study of a complex system requires many simplifications and
assumptions, which has its own drawbacks and may cause uncertainties. On the other hand,
implementing too much detail is computationally expensive and may lead to unexpected results,
which can prevent the definition of generic rules and guidelines. A proper approach can be conducting
a generic study which is followed by detailed assessments, when it comes to practical applications.
The following simplifications and assumptions were considered in this study:

• Load scenarios were calculated based on German standards for renovated buildings. Results
of this study can provide design guidelines for buildings with different performances as long
as they have the same temperature ranges and similar functionalities. The definition of the
DHC grid temperature levels were based on the target return temperatures of low-temperature
grids. However, due to simplification, the DHC grid configuration and the associated costs and
exergy destruction rates are not considered in this study. Future studies, which assess different
building types and grid configurations, and consider DHC pipes and circulation pumps as main
components of BTES-assisted DHC grids are required for more comprehensive analysis.
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• To set up an optimization algorithm according to real HP data within a wide range, it is assumed
that the selected HP consists of a number of HP modules with similar performances. However,
there is a maximum limit for the number of HP modules to avoid technical issues in practice.
Moreover, according to an inquiry from a HP manufacturer, large-scale HPs can be ordered with
desired technical specifications which are easily compatible with part-load applications.

• It is assumed that GBs cover the load which cannot be supplied by the ground loop, without
considering the effect of part-load ratio on its performance. However, modulating GBs mainly
have a minimum turn-down ratio, which specifies the minimum acceptable part-load ratio. For a
more detailed assessment the boiler and the combustion efficiencies need to be provided as a
function of entering liquid temperature and device part-load ratio.

• The selected BST volume by the optimization algorithm is allocated to one tank with an aspect
ratio (the ratio of height to diameter) of 2.5, according to an estimation regarding an efficient
design as well as the maximum acceptable tank height for large-scale applications. Splitting
the selected volume into multiple tank units with different aspect ratios can be considered as a
future study.

• The project lifetime is considered to be 30 years. Approx. 2000 evaluations, each taking around
20 min, were required for the initial convergence of the optimization algorithm. Consequently,
a time step of one hour was considered for the simulations. However, a more detailed assessment
required shorter time steps down to a few minutes, which also enables an application of more
exact control strategies. The optimization always results in better solutions with shorter time
steps and a larger number of evaluations.

• The heat transfer mechanism of the BTES is considered to be conductive. It is also assumed
that BTES is installed in the ground with a uniform thermal conductivity and heat capacity.
However, in real geothermal applications convective heat transfer might exist and ground thermal
characteristics might not be uniform. Moreover, there are always regional limitations for the
implementation of large-scale geothermal projects, e.g., unfavorable subsurface conditions or
restrictions due to groundwater protection.

• The IC functions (Table 2) are based on the available literature, which are mainly defined by having
data from real projects in a specific range. However, due to the large ranges of the optimization
boundaries, it is assumed that extrapolation is acceptable. Regarding OCs (Table 3), energy cost
functions are specified by the predicted costs from the economic studies for the years 2030 and
2050 and assuming a linear interpolation between the available data points. Similar assumptions
have been made for the environmental emissions and the associated costs. Consequently, cost
functions are subject to large uncertainties and the sensitivity analysis was done with the purpose
of lowering these uncertainties.

7.2. Discussion of Results

The PasSer scenario shows the most economical designs for a wide efficiency range of up to 32%.
This can be explained by the passive cooling strategy, which leads to an omission of HPs that are usually
responsible for significant amounts of exergy destruction and high OCs. Moreover, lower pumping
power, due to covering the whole heating temperature shift in serial scenarios, overcompensates higher
COPs in parallel scenarios because of lower temperature shifts by HPs.

For the highly efficient designs with exergetic efficiencies over 32%, ActPar scenarios show the best
results. Large values for both CapHP and VolBTES are needed to reach such high exergetic efficiencies.
Consequently, higher COPs of HPs in parallel scenarios have a larger impact and overcompensate
lower power consumption of circulation pumps in serial scenarios. However, in cooling mode, a higher
power consumption of the pumps due to the lower temperature shift on BTES side has a slightly higher
share in inefficiencies and losses.

For the serial scenarios (Figure 11), higher ∆TBST mainly results in a more efficient and more
economical design, with ηexergy showing a higher sensitivity. This indicates that the improved
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performance of the BST, due to better stratification and less mixing losses, overcompensates the lower
COPs of the HPs due to higher temperature shifts. Therefore, the algorithm favors scenarios with
higher values for ∆TBST.

The optimization of the serial layouts leads to the maximum possible temperature shift of the
grid by the HPs, which makes them similar to the HPs in parallel scenarios. However, due to weaker
performance of HPs for covering high temperature shifts, ηexergy does not exceed 28.5% with a LCOE
of 19.45 ct/kWh for ActSer scenario. This corresponds to a layout in which GB1 is omitted and the
supplementary load is supplied by GB2 serially. A Pareto efficient design point of the ActPar scenario
with the same ηexergy has an LCOE of 13.86 ct/kWh. Therefore, to move towards more economical
points in the serial scenarios, both GBs are required, and a splitter sends the fluid to either the HPs and
GB2 or to the GB1. The GB1 has a share between 0 and 49% of the total heating demand on the Pareto
front of the ActSer scenario. Similarly, for the PasSer scenario, the point with the highest ηexergy of 32%
has LCOE of 15.5 ct/kWh with the highest share of HPs and GB2. Reducing this share on the Pareto
front results in more economical and less efficient points with an increased share of GB1 up to 60%.

As mentioned earlier, HPs contribute to a high share of exergy destruction as well as OCs,
especially for the most efficient scenarios. For the same design, two HPs, each of which cover parts
of the heat demand, have lower exergy destruction and power consumption than one HP covering
all of it. However, the pumping power that is required for circulating the fluid on both sides of the
serially-connected HPs as well as the associated exergy destruction and OCs are much higher. Therefore,
a suitable HP for integrating BTES systems is the one that can provide the highest temperature change
with the lowest power consumption as well as the minimum possible flow rates.

The design flow rate also has a high influence on heat transfer characteristics on the BTES side.
Higher flow rates lead to better convective heat transfer from the circulating fluid to the ground.
Therefore, definition of the optimum flow rate on the BTES side and the characteristics of the most
efficient corresponding HP is proposed as a future study.

As indicated in Figure 9, an increase of VolBTES yields in a higher ηexergy as well as higher
LCOE. LBHE and SBHE are mainly selected from the middle ranges of the specified boundaries by the
optimization algorithm, with maximum amounts of 220 m and 15 m, respectively. NBHE has the widest
range which varies between 15% and 85% of the maximum boundary from the most economical to the
most efficient point. Therefore, it can be implied that NBHE has the highest influence on the objective
functions. The number of BHEs in series has a high effect on the distribution of BHEs in a BTES with a
specific volume, the flow rate per BHE and the circulating pump’s power. In this study it was taken as
6, like for many installed BTES systems [63]. Therefore, for a future study, taking it as an additional
optimization variable could result in more efficient design points.

Cooling-based BTES systems recover the rejected heat from cooling cycles seasonally for an
efficient design. In heating-dominated regions, the amount of extracted heat is much more than the
stored heat and the dominating mechanism equals that of conventional geothermal HPs. Consequently,
similar cost incentives to geothermal HPs in the household sector [64] need to be considered for DHC
grids of such regions, in order to be more cost-competitive with fossil-based systems with low exergetic
efficiencies and high GWPs.

8. Conclusions

A dynamic exergoeconomic optimization method is used for detailed evaluation of the proposed
layouts for integrating BTES systems into 4th generation DHC grids in heating-dominated regions.
Based on the results of this study, the following general conclusions can be drawn:

• In cooling mode, passive strategy yields to a high share of the optimized designs from the most
economical up to highly efficient ones. Active cooling with serially-connected heat pumps results
in a small share of the optimized designs, which are the most efficient but the most expensive ones.

• In heating mode, maximizing the heating temperature shift by single HPs and supplying the
remaining shift up to the grid supply temperature by serially-connected GBs yields to a high
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percentage of the optimized designs. However, in the most economical design, the maximum
40% of the overall heating share are supplied by this configuration and the rest is met by
parallel-operating GBs. The share increases up to 100% for more efficient designs.

• The most efficient but most expensive designs are resulted from covering nearly the overall
heating demand on the grid temperature shift by serially-connected HPs and supplying only the
peak loads by GBs.

• Larger BTES volumes and corresponding HP capacities mainly result in more efficient designs
with higher costs. However, less efficient and more economical designs have higher capacities of
GBs. The highest share of exergy destruction comes from HPs for the most efficient and from
GBs for the least efficient designs. BTES, BST and HEX have the lowest exergy destruction for all
Pareto efficient layouts.

• For the most efficient designs ICs significantly exceed OCs. While the largest share of ICs arises
either from the BTES itself or from the property, which is used for building it, the highest share in
OCs originates from the HPs. Nevertheless, for the most economical designs, OCs usually exceed
ICs. For all layouts, ECs decrease from the most economical to the most efficient designs while
MCs increase.

• GWPs decrease with increasing exergetic efficiency and their relation can be expressed with a
function. Therefore, by conducting exergoeconomic analysis, thermodynamic inefficiencies as well
as environmental impacts are improved. By considering GWPs and LCOE as objective functions
and comparing the results with the optimized results of this study, further relations between LCA
and exergoeconomic analysis and their application for optimization problems can be specified.

The results of this study can be used to design 4th generation DHC grids and to assess the
transition of old generation to low-temperature grids utilizing BTES systems. In future, the same
method will be used for the evaluation of integrating BTES systems into 4th generation solar DHC grids.
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Nomenclature

ActSet active serial
ActPar active parallel
BHE borehole heat exchanger
BST buffer storage tank
BTES borehole thermal energy storage
COMP compromise
DC district cooling
DH district heating
DHC district heating and cooling
ECO economical
EFF efficient
GB gas boiler
HP heat pump
NSGA non-dominated sorting genetic algorithm
PasSer passive serial
PasPar passive parallel
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Symbols

A area m2

c specific heat capacity kJ/(kg K)
c specific cost €/tCO2, €/kWh
Ċ cost rate €/yr.
Cap capacity kW
EC emission cost €/kWh
Ė thermal exergy rate kW
GWP global warming potential CO2/kWh
i discount rate %
IC initial cost €/kWh
L length m
LHV lower heating value kW
LCOE levelized cost of energy €/kWh
ṁ flow rate kg/s
MC maintenance cost €/kWh
OC operational cost €/kWh
n year
N number
Rey Reynolds number
S spacing m
T temperature ◦C
Vol Volume m3

f fuel consumption kWh
Q̇ heat flux kW
η efficiency %
Subscripts

BHE borehole heat exchanger
BST buffer storage tank
BTES borehole thermal energy storage
CL cooling load
elec electricity
env environmental
f fuel
HL heating load
IC initial cost
MC maintenance cost
prod production
ret return
sup supply
0 reference
b boundary
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a b s t r a c t

District heating plays a key role in achieving the TU Darmstadt’s emission reduction target for 2050. A

combination of efficiency measures, integration of solar thermal collectors, waste heat utilization and

seasonal storage is being considered to achieve these targets. However, the existing campus building

infrastructure does not allow for an efficient immediate transition to a low-temperature solar district

heating grid. Therefore, a stepwise transition with a successive reduction of the grid temperatures is

investigated. Dynamic system simulations serve to compare transition strategies until 2050 with regard

to their environmental performance and economic efficiency. The proposed strategies differ in di-

mensions of components as well as the timing of construction or decommissioning. Results indicate that

the emission reduction target can be met most economically by a strategy with a gradual construction of

42,000 m2 of solar thermal collectors and a seasonal storage consisting of 37 boreholes of 750 m each,

accompanied by a concurrent scaling-down of the existing CHP capacity. Compared to a strategy with an

immediate construction of a full-sized system, the levelized cost of heat can be reduced from 7.6 ct/kWh

to 6.3 ct/kWh, as projected renovation rates, energy prices and emission factors are taken into account

better.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Recent studies suggest district heating (DH) as a viable option

for supplying large amounts of renewable energy for space heating

[1]. Particularly fourth generation district heating (4GDH) systems

[2], which operate on supply temperatures down to 50 �C or lower,

facilitate the efficient integration of renewable energies [3,4] and

waste heat sources [5]. However, a prerequisite for the rollout of

4GDH is a building stock suitable for low temperature heating [6].

Slow replacement and renovation rates of existing buildings

impede a fast transition toward this technology [7]. Transition

strategies specially tailored to existing building and grid infra-

structure [8,9], as well as the utilization of locally available

renewable and waste heat potentials [10], can help to overcome

these hurdles.

The Technical University of Darmstadt is currently investigating

concepts to reduce its energy demand [11], in order to support

national targets for global warming potential (GWP) reduction [12].

Even though several synergy and efficiency related measures can

bring the university one step closer to its emission saving goals, it

has become evident that a large-scale integration of renewable heat

sources is imperative [11,13].

Solar district heating (SDH) [14] with underground thermal

energy storage (UTES) [15] has proven to be a promising technology

in this context. Although solar thermal systems on their own have a

very high potential to provide the annual required thermal energy,

they have the inherent drawback of their heat supply not corre-

sponding to the temporal course of the heat demand. This

mismatch can be overcome by storing excess heat for periods of

several months into UTES systems [16]. Borehole thermal energy

storage (BTES) systems are a common type of UTES, as they are

comparably cheap and site requirements are low [17]. Arrays of

borehole heat exchangers (BHE) are used to access the un-

derground’s vast thermal capacity for sensible heat storage [18].
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The amount of discharged energy from such systems increases for

lower discharge temperatures [19] and is usually raised to grid

supply temperatures by heat pumps (HP), whose efficiency in turn

depends to a large extent on the temperature raise they must

provide. Consequently, the efficiency of BTES-assisted systems is

highest for systemswith low supply temperatures [21,51], i.e. 4GDH

systems. A novel concept of BTES are medium deep (MD-BTES)

systems, which consist of fewer BHEs of several hundred meters of

length [19]. They have the advantage over conventional shallow

systems of a much smaller thermal impact on shallow groundwater

resources [22]. Moreover, MD-BTES systems utilize naturally higher

undisturbed ground temperatures in larger depths. Consequently,

they can be operated efficiently on higher temperature levels than

their shallow counterparts [23].

A transformation into a campus SDH system with an integrated

MD-BTES seems to be a promising option to achieve the university’s

emission reduction targets. However, such a transformation can be

performed in several ways and at different rates. Which strategy is

the most favorable in terms of costs and emissions strongly de-

pends on local conditions and is still unclear at this stage.

1.1. State of the art and scope

A general definition of the concept of 4GDH and its advantages

over systems of the 3rd generation (3GDH) is given by Lund et al.

[2]. Sorknæs et al. [4] investigate the transition to a 100% renewable

municipal energy system and find it beneficial both from an eco-

nomic as well as an energetic point of view. Their scenario com-

prises a transition towards 4GDH, including solar thermal collectors

(STC) and seasonal storage. Welsch et al. [24] conduct a life cycle

assessment of different combinations of STC, BTES and combined

heat and power (CHP). They identify a combined utilization of those

technologies as most efficient solution. This result is supported by

Elhashmi et al. [25], who investigate the integration of STCs and

BTES into an existing DH system and find a combined system to be

superior as well. R€am€a et al. [26] investigate the integration of HPs

or STCs into an existing 3GDH system over the period of 2014e2030

in three steps. Different combinations of technologies are

compared, for integration into 3GDH or 4GDH, respectively. They

conclude that an integration of HPs is most favorable in the existing

3GDH system, but STCs could be profitable as well, if grid tem-

peratures were lowered. Several further studies assess the inte-

gration of renewable energies into DH systems on different

temperature levels and conclude that a transition to 4GDH seems to

be favorable [3,27e29]. However, all those studies compare 3GDH

to 4GDH in a static manner, in which the transition process itself is

excluded. Volkova et al. [6] evaluate the process dynamics of a

transition towards 4GDH and identify retrofitting of consumer

equipment as a main barrier. Accordingly, Oltmanns [13] focuses on

identifying buildings which impede transition of the Lichtwiese DH

system most. He states that these should be improved first, as they

provide the highest leverage, while buildings with a lower impact

should be renovated in the upcoming decades. Hence, a gradual

transition is to be expected. Studies investigating such a process

should therefore take long-term projections of expected renovation

rates, required grid temperatures and energy prices into account.

This study presents a new methodology, which facilitates the

assessment of strategies for the transition of an existing 3GDH

system towards 4GDH. It considers a step-wise integration of STC,

MD-BTES and waste heat sources. Strategies for integrating new

components and decommissioning existing infrastructure are

compared by energetic, economic and environmental means. The

time frame of the study extends from 2025 to 2050 and is divided

into three periods, enabling changes in the system design at the

start of each period. Dynamic system simulations are carried out to

assess the DH system performance, using long-term projections for

energy prices, weather conditions and EFs. To account for high

uncertainties in projected prices, a sensitivity analysis is appended.

1.2. Campus Lichtwiese district heating grid

The Lichtwiese is located on an old airfield on the outskirts of

Darmstadt and one of four main campuses of the university. It

comprises 40 buildings, consisting of offices, lecture halls, labora-

tories, large test halls, a library and a cafeteria, with a net floor area

of about 150,000 m2. The annual heat demand is approximately

25 GWh, which corresponds to 43% of the university’s overall heat

demand. Most of the campus was erected in the seventies and

several of its buildings are under monumental protection, compli-

cating energetic refurbishment. Since the Lichtwiese still has large

open space, it is currently the main expansion area of the univer-

sity, resulting in brisk construction work in recent years. A DH grid

of 3.8 km length is supplying heat from a central CHP plant (Fig. 1),

located on site. It consists of three CHP units with a total thermal

power of 7 MWth and six gas boilers of 9.3 MWth each, providing

heat to all university buildings. Grid supply temperatures range

from 80 to 110 �C, depending on the ambient temperature, and the

return temperature is 60 �C.

A recent study examined the present potential for reducing the

temperature level of the grid. The authors concluded, that the

current building stock would allow for a reduction of grid tem-

peratures by at least 10 K [50]. The project EnEff:Stadt Campus

Lichtwiese, which is currently running in its second phase, has

identified components of the grid, which are most critical for

further lowering of the grid temperature level down to tempera-

tures of a 4GDH system [11]. As one of the first practical imple-

mentations from this project, waste heat from a high-performance

computer (HPC) is fed into the return line of the grid by a heat

pump [5]. In 2017, a cooling grid was constructed to cope with the

increasing cooling demand on the campus. It is fed by three

compression and one absorption chiller with a combined cooling

power of 3 MWth. However, the cooling grid is outside of the scope

of this study and should be considered in future studies.

In order to achieve the German national climate protection

goals, the university aims to reduce the specific GWP by 80% until

2050 compared to the level of 1990. As part of this plan, the area-

specific final energy demand is to be reduced by 50% compared

to 2015 [11]. Considering the aforementioned campus building

stock, this might be an ambitious goal, but initial studies have

deemed it feasible [11]. However, the campus net floor area is

projected to double until 2050. Consequently, the total heat de-

mand is expected to remain approximately constant.

As a complement to the EnEff project, the upcoming project

SKEWS includes the construction of a MD-BTES demonstrator on

campus [31]. It will consist of four BHEs, each 750m deep, using the

crystalline bedrock as heat storage medium, which is located only a

few tens of meters below ground surface. A thermal insulation of

the upper BHE sections shall preserve potential aquifers and lower

thermal losses [32,55].

2. Methods

The study examines the period from 2025 to 2050, which is

divided into three transition stages. Within each stage, the grid

temperature range and system design are fixed. Different transition

strategies are compared to identify the most economical way to

satisfy the university’s emission saving goals.
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2.1. Study design

Five strategies are defined, which differ in final dimensioning of

the renewable system components as well as the timing of con-

struction and decommissioning of components. Additionally, a

reference scenario is used for comparison to status quo.

2.1.1. Assumptions and boundary conditions

It is assumed that the grid supply temperatures will decrease

stage by stage from the current level of 80e110 �C to 50e60 �C

(Table 1). Correspondingly, the return temperatures are expected to

decrease from 60 �C down to 30 �C. Moreover, the amount of waste

heat output from HPC cooling is expected to double. Projections of

the net heated floor area suggest a continuation of the vigorous

construction activities on campus in recent years, resulting in a

doubling to 300,000 m2. A regression analysis of the current

weather dependent heat demand has predicted a lowering of the

final heat demand, due to the impact of climate change, from

24.9 GWh to 22.7 GWh. The increase in net heated floor area is

assumed to be compensated by efficiency related measures.

2.1.2. Energy saving goals

In accordance with national climate protection goals, the uni-

versity’s goals use the year 1990 as a reference [11]. This makes an

exact calculation of the reference EF difficult, as information on

heat supply and demand for this period is incomplete. According to

the envisaged reduction pathway, the EF in 2025 should amount to

50% of its 1990 value, which already constitutes a significant

reduction. And there is no doubt that the university has already

been able to significantly reduce its EF during this period through

measures such as increased deployment of CHP and new buildings

with a significantly lower specific heat demand. Therefore, for the

purposes of this study, it is assumed that the 2025 energy saving

goals will be achieved and further reductions are specified in

relation to that year. Table 2 shows the resulting target EFs for each

transition stage. The energy saving goals are considered satisfied if

the system attains an average EF equal to or lower than that of the

saving goals pathway of 85.3 gCO2-equiv/kWh.

2.1.3. Definition of transition strategies

The construction and decommissioning of the system compo-

nents is classified into five transition levels, where level 0 corre-

sponds to the current status and level IV to the most advanced state

(see Fig. 2). For the STC area, a reference value is indicated (i.e.

100%), which is varied from 50% to 200% in a parametric study.

Approximately 43% of the university’s final heat demand can be

attributed to campus Lichtwiese. Consequently, the same share of

the overall thermal power of the CHP units can be assigned to the

Lichtwiese, which amounts to 3 MWth.

The BHEs of the MD-BTES are planned in a hexagonal arrange-

ment, limiting the possible number of BHEs to 19 or 37. While

systems with only seven BHEs are considered inefficient, the next

larger arrangement of 61 BHEs is excluded in advance as being

oversized.

As mentioned in chapter 2.1.1, the HPC cooling capacity is ex-

pected to double. The flow temperature range of the existing HPC

Fig. 1. TU Darmstadt campus Lichtwiese district heating and cooling network in 2018 (changed after [13]).

Table 1

Assumptions for the three transition stages.

Parameter Status quo Stage I Stage II Stage III

Period 2021 2025e2030 2030e2040 2040e2050

Grid supply temperature level 80e110 �C 70e100 �C 60e80 �C 50e60 �C

Grid return temperature 60 �C 50 �C 40 �C 30 �C

HPC cooling power 350 kWth 350 kWth 500 kWth 700 kWth
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high temperature cooling is 45e50 �C. Currently the waste heat is

fed into the return line of the grid by a HP (HP/ret). With the

assumed lowering of the grid temperatures, a direct feed into the

return line (dir/ret), a supply line feed by HP (HP/sup) or direct feed

into the supply line (dir/sup) become viable options.

Fig. 3 shows the planned transition levels of each of the DH

components during the three transition stages for each proposed

strategy. The Immediate strategy is characterized by maximum

deployment of renewable energies and decommissioning of all CHP

units in transition stage I. A bit less abrupt, but still aiming at a fast

transition, the Progressive scenario starts with the implementation

of SDH in stage I, but keeps the existing CHP units running during

this stage. To avoid costs for repeated construction work, the Step

scenario maintains the existing system design until 2030 and im-

plements the final SDH system in one step. In contrast to the first

two scenarios, the Step scenario does not require a HP for the HPC in

addition to the currently existing one, since waste heat continues to

be fed into the return line of the grid during transition stage II. To

take the step-wise lowering of the grid temperatures into account,

the Gradual scenario expands the STC field and the MD-BTES

accordingly. At the same time the CHP capacity is reduced step-

wise down to level III. The Conservative scenario keeps the sys-

tem unchanged in stage I and results in the smallest SDH system

(i.e. STC and BTES). Additionally, a Reference scenario is defined for

comparison, using only CHP, gas boilers and waste heat utilization

with their dimensions corresponding to the existing infrastructure

(level 0). In contrast to the five transition strategies, grid temper-

atures are left unchanged from the current level.

For each proposed strategy, the reference STC field size is varied

between 50% and 200% in steps of 10% in relation to the area given

in Fig. 2. Thus, including the Reference scenario, a total of 81 systems

is investigated.

2.2. Model implementation

The system is modeled with Modelica [34] and simulation runs

are carried out using SimulationX [35] as simulation environment.

Dynamic simulations of the thermo-hydraulic system are carried

out over the period of 25 years. Within each stage the component

dimensions, DH grid conditions and ambient conditions are

adapted according to the scenario design.

2.2.1. Model library, model components and their setup

The DH system was modeled using the in-house developed

MoSDH (Modelica Solar District Heating) library (Fig. 4). MoSDH is

based on low level components of the Modelica Standard Library’s

Thermal package. The defining variables for DH system simulations

with MoSDH are fluid temperature (i.e., enthalpy), pressure and

mass flow rate. Heat transfer and pressure loss calculations are

mostly based on the VDI Heat Atlas [36].

In the following sections the components of the library and their

specific setup for this study are described.

Solar Thermal: The flat plate collector model uses a quadratic

loss term for efficiency calculation and the isotropic skymodel after

Liu and Jordan [37,38]. It considers multiple collector modules

connected in parallel and in series as well as mutual shadowing of

Table 2

Energy saving goals for the end of each transition stage used for this study.

Target/Projection Unit Status quo Stage I Stage II Stage III

Net heated floor area [m2] 150,000 180,000 240,000 300,000

Total final heat demand [GWh/a] 24.9 24.9 22.7 22.7

Specific final heat demand [kWh/(m2 a)] 165.3 133.3 91.4 73.1

Specific EF compared to 2025a [%] 100 86 60 40

Specific EF [gCO2-equiv/kWh] 125.7b 108.1 75.4 50.3

a Hanson et al. [13].
b Reference scenario simulation result.

Fig. 2. Transition levels of system components (”-”: level not used/defined).

Fig. 3. Component transition levels within each transition stage for the defined

strategies.
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collector rows. Efficiency parameters are obtained from data sheets

of large-scale STCs [52]. Validation was carried out against an

established model from TRNSYS [40] for the locations Tehran,

Sydney and Reykjavik. The deviation of the annual solar yield was

below 5% for all locations.

Weather: The weather component reads hourly ambient tem-

perature as well as direct and diffuse solar irradiation data from

text files. Test reference years (TRY) for the campus location are

used from the German Weather Service [41]. For transition stage I

the TRY 2015 is used, which represents a typical year derived from

measured data during the period from 1995 to 2012. At the start of

transition stage II, the weather data switches to TRY 2045, which

constitutes a typical year for climate projections in the period from

2031 to 2060. Average ambient temperatures and annual solar

irradiation amount to 10.6 �C and 1085 kWh/m2 for TRY 2015 as

well as 11.3 �C and 1162 kWh/m2 for TRY 2045, respectively.

BTES: A BTES consisting of 19 or 37 BHEs of 750m in a hexagonal

layout is modeled using the MoBTES model. The design of the

modeled coaxial BHEs was carried out according to the planned

demonstrator, where the upper section is thermally insulated by

the use of a backfill material with low thermal conductivity [31]. A

detailed description of the MoBTES model and its validation can be

found in Formhals et al. [42].

Buffer storage: The model consists of several volume elements

to account for thermal stratification. It was developed in the course

of a master thesis and validated against an existing model [43].

Since the volume of the buffer storage tank should be adapted ac-

cording to the size of the STC aperture area, its size is defined by a

ratio of 0.25 m3
buffer/m

2
collector.

Thermal power plant: This model combines a CHP model with

several units and a gas boiler for auxiliary heating. In both models,

the fuel consumption is derived from efficiency curves. In addition

to that, the CHP model uses a curve for its power to heat ratio. For

the underlying case study, data sheets of the existing components

at campus Lichtwiese are used. According to the existing system at

campus Lichtwiese, a smaller buffer storage with a volume of

125 m3 is used to increase the running times of the CHP units.

Heat pumps: The HPs are modeled using efficiency maps for the

maximum heating power and the coefficient of performance,

which are derived from manufacturer datasheets of high temper-

ature HP [53]. Since the availability for high temperature HPs data

in the required heating power range is limited, the maximum

heating power was scaled. This was done under the assumption

that larger HPs have an efficiency at least as high as smaller units.

Grid: The campus DH grid has a length of approximately 3.8 km,

represented by two segmented pipes of this length, one for the

supply and one for the return line. Since the weighted average

diameter of the campus grid is close to the diameter of a DN250 DH

pipe [54], the pipe model was parametrized accordingly. The pre-

insulated pipes are modeled by reusing sub-models from the

MoBTES model: DH pipe segments are represented by BHE seg-

ments. Moreover, the ground surrounding the pipes is modeled by a

thermal resistance and capacity model, which was initially imple-

mented to consider the heat transport in the immediate vicinity of

BHE segments. The thermal resistance between this circular region

and the ground surface is derived from the VDI Heat Atlas [36].

Heat Demand: In accordance with the simplified representation

of the campus DH grid, the demand side is combined into one

consumer. The heat load curve was generated by applying a

regression model, derived by monitoring data over the period be-

tween November 2016 and July 2019, on the used TRY datasets [13].

2.2.2. Control strategy

The control strategy is based on system states, which define

respective component behaviors. Transitions between states are

triggered by conditional expressions. According to the active state,

components receive set values for thermal power, supply temper-

ature or mass flow rate via a central bus system. STC, HPC and BTES

are activated and deactivated in the given order depending on the

state of charge of the buffer storage tank. The single HPC in the grid

is represented by two separate model blocks, one of which is

connected to the supply line of the grid and the other to the return

line. As in the existing system, HPC cooling is only fed into the grid

during the heating period, while cooling fans are used in summer

[5].

In summer operation heat is transferred to the BTES, if the

buffer’s state of charge exceeds a certain threshold. During heating

season, the BTES is discharged into the buffer storage directly or via

HP. Discharging is enabled if half of the buffer storage volume is

below the reference grid temperature, which is the case almost all

winter and carries on until BTES flow temperatures fall below 10 �C.

The thermal plant satisfies the heat demand, which cannot be

covered by the SDH system. CHP units are switched on and off

according to the charging state of the small buffer. If CHP units are

active, a direct feed can be used to bypass the buffer. If the required

Fig. 4. Model of the SDH system in Modelica.
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heat demand exceeds the limits of the CHP and the buffer, the gas

boiler covers the residual load. The temperatures that enter the grid

are regulated according to a heating curve, which relates the supply

temperature to the 24 h average ambient temperature. Up to a

certain level, the temperature level of the heat supplied by the SDH

part is raised bymixing with volume flow from the thermal plant, if

necessary.

2.3. Analysis

An economic and environmental assessment of the systems

under investigation is carried out after Mauthner et al. [14] and

Welsch et al. [24]. It is expected that both the energy prices and the

EF of the electricity purchased from the grid will change over time,

as assumed in the EVO scenario by Welsch et al. [24]. For this

reason, the EVO scenario was applied in this study as well. To ac-

count for uncertainties in fuel and investment costs, a sensitivity

analysis is carried out for selected systems.

2.3.1. Economic assessment

A common figure for comparing the economic efficiency of

thermal energy systems is the LCOH (Equation (1)) [46]. To allow

for an annual resolution of costs, attributed to the heat delivered

over the span of one year Qa, the concept of annuities A is used [47].

In this concept, repayments of an initial investment are evenly

distributed over its lifetime of n years. Functions and data for in-

vestment costs I0, annual maintenance costs Ma, fuel costs Fa, rev-

enues Ra and expected lifetimes alife for the system components are

adopted fromMauthner et al. [14] andWelsch et al. [24]. For each of

the components, annuities AN are calculated by multiplying the

initial investment costs by the annuity factor AF [48] (Equation (2)).

An interest rate r of 3% was assumed. Residual values of existing

components are factored in by their age and expected remaining

lifetime. Annuities are paid accordingly. In the case of early

decommissioned components (e.g., existing CHP units), no resale

was considered. Investment costs were further repaid over the

remaining depreciation period, but no further maintenance costs

were charged.

LCOHa ¼
AN þMa þ Fa � Ra

Qa
(1)

AN¼ I0 AF ¼ I0
ð1þ rÞalifer

ð1þ rÞalife � 1
(2)

2.3.2. Environmental assessment

The environmental impact of the delivered heat Qth was calcu-

lated using an LCA approach, taking into account emissions caused

by operation (GWPop) and production (GWPprod). In the case of CHP,

the production of electricity was included in the evaluation, to

avoid allocation of emissions. As a result, the economic and envi-

ronmental differences of the investigated systems due to a change

in produced electricity, are considered as well. The total EF of each

systemwas calculated according to Equation (3), where i stands for

the different components of the system [24]. However, in order to

allow for a comparison between annual EFs and energy saving

goals, Equation (3) had to be adapted. Emissions attributed to the

production of components are distributed evenly over the lifetime

alife of each component as given in Equation (4).

EF¼
GWP

Qth;tot
¼

1

Qth;tot

Xn

i¼1

ðGWPprod;i þ
Xalife

a¼1

GWPa;op;iÞ (3)

EFa ¼
GWPa
Qth;a

¼
1

Qth;a

Xn

i¼1

ð
GWPprod;i

alife
þGWPa;op;iÞ (4)

2.3.3. System performance figures

Equation (5) defines the solar fraction of a system, where the

amount of energy stored into the BTES QBTES;charged is subtracted

from the overall energy supplied by the STC field Qsolar to achieve

the direct delivered solar energy. The amount of energy discharged

from the storage QBTES;discharged is included into the solar fraction.

The storage utilization factor hBTES is defined by Equation (6).

fs ¼
Qsolar � QBTES;charged þ QBTES;discharged

Qgrid;feed
(5)

hBTES¼
QBTES;discharged

QBTES;charged
(6)

2.4. Limitations

Due to the necessity of several simplifications and assumptions,

the presented study has certain limitations that should be kept in

mind. In accordance with the mentioned EnEff project, the focus of

this study was put on a single campus of the university. Even

though a separate supply of heat is generally possible and the

different campus grids are already operating on various tempera-

ture levels, technical and economical interdependencies of the

connected grids are strong. This could result both in synergetic as

well as adverse effects. Furthermore, the district cooling grid of the

university was not within the system boundaries of this study. A

coupling of the two grids will most certainly be implemented in the

future and improve energetic efficiency. The assumed measures

and costs for the conversion of the DH grid into a 4GDH, especially

concerning consumers and distribution, need to be considered as a

part of separate studies. Another limitation concerns the underly-

ing input data for the development of energy prices and climate as

well as the used cost relations, since these are subject to significant

uncertainties. Moreover, the design of the study introduces several

simplifications, using discrete system transition stages, a limited

number of parameter variations and a fixed set of technologies. This

was caused by numerical limitations on the one hand, and the case

study character of the study on the other hand, focusing on a

certain system and a certain possible technology. Awidening of this

scope would have been hard to handle as thoroughly as the pre-

sented work.

3. Results

3.1. Parameter study

3.1.1. Annual supplied thermal energy

As expected, in each transition scenario the amount of directly

provided solar thermal energy increases with an increase in the STC

field size (Fig. 5). The BTES system covers up to 38.5% of the total

heat demand. It can be observed that this share increases with STC

size up to amaximum and decreases hereafter, which is in linewith

the feed-in order mentioned in Chapter 2.2.2. Accordingly, the
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amount of HPC waste heat, reduces for systems with high solar

shares, since priority is given to STCs. An early integration of BTES

into the grid generally results in higher demands of electricity, since

the HPs need to raise discharged energy to higher temperatures

(Immediate & Progressive). Finally, the share of CHP increases for

slow transition strategies and almost reaches the level of the

Reference system for Conservative strategies. The Reference system

yields a CHP share of 51.7%, which is close to the actual share of 55%

in 2018 [13]. This deviation can be partly explained by the inte-

gration of HPC cooling, which was only installed in 2021.

3.1.2. Economic and environmental performance

Evenwithout further modifications, the existing heating system

can reach a comparatively low EF at moderate heating costs

(Referece scenario, Fig. 6). This can be attributed to the high share of

CHP, which leads to considerable enhancements in the GWP bal-

ance due to emission credits for the replacement of grid electricity

with CHP electricity.

Within each strategy, an increase of the STC area results in a

lowering of the EF. Below a certain point however, further

reductions lead to a disproportional increase in the LCOH. Coun-

terintuitively, it is not the Immediate but the Progressive strategy

that provides the system design with the lowest overall EF. In

contrast, the overall lowest LCOH is obtained by the Conservative

strategy, which cannot compete with the other strategies in terms

of emission reduction. Among the other four strategies that gain

similarly low EFs, the Gradual strategy achieves the lowest LCOH.

Most importantly, both the Conservative, as well as the Gradual

strategy are even more economic than the Reference scenario.

3.1.3. Selection of efficient system designs

Table 3 specifies several performance figures for three charac-

teristic system designs per transition strategy: the ones with the

lowest EF, lowest LCOH and lowest LCOH that attains the EF target.

The solar yield of all characteristic systems lies in the range of

306e518 kWh/(m2 a), which is plausible for SDH systems [14]. It

generally decreases for systems with larger aperture areas indi-

cating a saturation effect. Furthermore, the solar fraction fsol varies

between 27.9% for the LCOHmin Conservative scenario and 83.3% for

the EFmin Immediate scenario system. The storage utilization hBTES

Fig. 5. Average annual thermal energy supply of each simulated system. Direct solar delivery is calculated by subtracting the energy stored into the BTES from the total solar

production.

Fig. 6. LCOH and EF for the systems under investigation.
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of the characteristic systems reaches a maximum of 92.4%. For the

comparison of the total GWP from 2025 to 2050, it should be

considered that the Reference system already includes a reduction

of the specific heat demand in 2050 by 50%. Consequently, the

actual GWP of a completely unchanged DH system would be

significantly higher.

Apparently, none of the system designs which use the Conser-

vative transition strategy reaches the target EF. In contrast, several

of the selected system designs of the fourmore ambitious strategies

do so. An abrupt transformation of the Lichtwiese into an SDH

system however, as represented by the Immediate scenario, is not

advisable under the given circumstances as well. Those systems

result in higher LCOHs, particularly in comparison to the Gradual

and Progressive transition strategies, without a significant addi-

tional emission reduction. For further analysis, the EFtarget systems

of each scenario are selected. In the case of the Conservative sce-

nario the EFmin system is chosen instead.

With an LCOH of 6.3 ct/kWh, themost economic system to reach

the target EF belongs to the Gradual strategy. Even for an increase of

all energy prices and investment costs by 20%, it would result in an

LCOH below the expected value of the Immediate system (cf. Table 3

Cost variation).

Fig. 7 depicts the composition of the specific costs per transition

phase of the selected systems as well as the revenues from the sale

of excess electricity to the grid. The composition of the LCOH for the

Immediate system reveals that the integration of a BTES in Phase I

results in a high LCOH, if the HP’s electricity demand is not covered

by self-production of the CHP.

The Gradual system, which does not use a BTES within stage I

and reduces the CHP capacity beginning from stage II onwards,

results in a total LCOH which is 0.5 ct/kWh lower than for the

second most economic system (Progressive). This cost advantage

can be attributed mostly to transition stage II (cf. Fig. 7). While the

Progressive strategy comprises a simultaneous full-scale integration

of an SDH system with integrated BTES and the phase out of CHP

technology in stage II, the CHP units maintain half capacity for the

Gradual strategy. Consequently, there is still enough self-produced

cogenerated electricity available to supply circulation pumps and

HPs.

However, since the economic and environmental performance

of the CHP is projected to continuously decrease, a successive in-

crease of STC area and BTES capacity within stage II and III, with a

simultaneous reduction of the CHP capacity down to minimum, as

included in the Gradual strategy, is advisable.

According to the results of the study, a reasonable transition

strategy for the Lichtwiese campus could be as follows: The STC area

should be enlarged from 14,000 m2 in 2025 to 28,000 m2 in 2030,

and to a final size of 42,000 m2 in 2040. At the same time, the CHP

capacity should be reduced from 3MWth, to 1.5 MWth and finally to

0.5 MWth. An expansion to the maximum sized MD-BTES with 37

BHEs is recommended in 2040, with an initial size of 19 BHEs in

2030.

These findings, however, assume that no subsidies are consid-

ered, as they are difficult to predict. Current subsidies could favor

earlier construction as they significantly reduce investment costs of

BTES systems and STCs [24].

3.1.4. Energy saving goals

Fig. 8 shows emission targets as well as the temporal develop-

ment of the annual EFs for the selected systems in relation to the

emissions of the Reference scenario in 2025. It is quite clear, that the

Reference system loses attractiveness over time. As already pointed

out by Welsch et al. [24], a decrease in the EF of grid electricity is

very likely, due to a higher share of renewables in the future.

Subsequently, emission credits caused by the substitution of grid

electricity with CHP electricity, will diminish. Accordingly, EFs in-

crease within all transition stages in which CHP is used. As a result,

the target trajectory is exceeded by all systems before 2030. In

addition to that, the Immediate scenario system, which does not use

CHP at all, even starts with an EF higher than the Reference case,

highlighting the currently prevailing advantage of the CHP tech-

nology. While the Immediate, Progressive, Step and Gradual scenario

systems surpass the cumulated emission reduction goal, they

narrowly miss the final target value in 2050.

Overall, the development of specific emissions over time illus-

trates that CHP is an efficient technology for several years to come,

not only from an economic but also from an ecological perspective.

The investigated transition scenarios comprise cost-effective ways

to reduce the total emissions of DH systems. However, the final

emission target in 2050 was missed, even for systems with a large

SDH dimensioning (cf. Fig. 8). This indicates the importance of the

integration of additional renewable technologies or the expansion

of waste heat utilization. Latter one should be a feasible option,

since projections of the waste heat potential were very

Table 3

Performance figures for the most economic system that attains the EF target, the system with the lowest EF and the system with the lowest LCOH within each transition

strategy.

Scenario System Final

Asolar

[m2]

Solar yield

[kWh/(m2a)]

Solar

fraction fs
[%]

BTES utilization

hBTES [%]

Total GWP

[tC02]

Total EF

[gC02/kWh]

Final EF

[gC02/kWh]

Total LCOH

[ct/kWh]

20% cost variation

[ct/kWh]

Final LCOH

[ct/kWh]

Reference e 0 0 0 0 98,301 170.2 188.8 6.7 5.4e8.1 7.3

Immediate EFtarget 48,000 431 76.6 74.9 47,601 82.4 58. 7.6 6.1e9.1 6.9

EFmin 80,000 306 83.3 60.2 43,392 75.1 56.6 8.6 6.9e10.3 8.1

LCOHmin 36,000 475 68.0 85.7 55,615 96.2 71.1 7.6 6.0e9.1 6.9

Progressive EFtarget 48,000 449 72.6 77.7 45,386 78.5 60.4 6.8 5.5e8.2 6.5

EFmin 76,000 349 78.9 61.2 40,935 70.8 57.3 7.5 6.0e9.0 7.5

LCOHmin 28,000 518 54.4 92.4 58,811 101.8 89.8 6.7 5.4e8.1 6.5

Step EFtarget 40,000 476 59.0 81.6 48,459 83.9 62.6 7.2 5.7e8.6 6.7

EFmin 72,000 348 66.6 58.2 43,011 74.4 57.2 7.8 6.2e9.3 7.8

LCOHmin 36,000 494 56.1 84.7 50,987 88.2 67.9 7.2 5.7e8.6 6.7

Gradual EFtarget 42,000 452 55.3 79.4 48,584 84.1 62.7 6.3 5.0e7.5 6.4

EFmin 60,000 396 61.5 60.9 44,441 76.9 56.7 6.6 5.3e7.9 6.9

LCOHmin 36,000 474 51.6 85.7 51,653 89.4 70.1 6.2 5.0e7.5 6.3

Conservative EFtarget e e e e e e e e e

EFmin 40,000 364 33.5 56.7 57,185 99.0 75.4 6.2 4.9e7.4 6.0

LCOHmin 24,000 438 27.9 87.1 61,020 105.6 84.7 6.1 4.8e7.3 5.8

Target 50,135 85.3 50.3
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conservative. The remaining emissions in 2050 are mostly due to

gas consumption of boiler and CHP units, which could be reduced

by the utilization of biomass. However, a total carbon-neutrality in

2050 seems hard to attain. For one thing, the used LCA approach

considers emissions during production phase, which cannot be

avoided completely and would have to be compensated by carbon

sinks. Secondly, the used projections do not anticipate carbon

neutrality of the grid electricity in 2050. Nevertheless, if this goal

were to be achieved, it would contribute significantly to the goal of

a carbon-neutral campus DH system.

3.2. Sensitivity analysis

Both the energy prices as well as the investment costs are varied

for the selected system designs (cf. Table 3) in order to assess the

sensitivity of the heat costs incurred to changes in the economic

input data (Fig. 9). It can be observed that the Reference and Con-

servative scenarios, which have the highest share of CHP heat, are

especially sensitive to changes in energy prices. For scenarios with

an increasing share of SDH, the sensitivity shifts from a high impact

of energy prices towards a high impact of investment costs, which

is due to the generally high investment costs of STC and BTES.

4. Conclusion

The presented study investigates different strategies and tech-

nological pathways for the transition of an existing campus district

heating grid towards a low-temperature SDH system. It emphasizes

the importance of considering the projected development of

existing infrastructure and boundary conditions. If such temporal

developments are excluded during system engineering, it can lead

to considerably higher costs. In contrast, a dynamic study design, as

presented in this study, allows economic and ecological advantages

of certain technologies at certain transition phases to be identified

and included in the planning process. While studies of 4GDH sys-

tems with fixed system design make a compelling point for the

utilization of 4GDH in general, operators of existing DH systems

could argue that a transition of their system is not possible due to

practical reasons. The presented study demonstrates the feasibility

of a step-wise transition of such a system, which comprises several

old buildings under monumental protection and a relatively new

CHP plant. Hence, the proposed methodology of numerical simu-

lations with dynamic boundary conditions and system design

represents a reasonable extension to existing approaches. However,

due to the higher computational effort of such a transient simula-

tion approach, it does not provide the ability of a completely

Fig. 7. Specific revenues (bottom) and costs (top) for the EFtarget system of Immediate (I), Progressive (P), Step (S) and Gradual (G) transition strategies and the EFmin system of

Conservative (C) allocated to the different transition stages.

Fig. 8. Relative annual emission factor of the EFmin system for the Conservative scenario and EFtarget systems else.
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Fig. 9. Variation of energy prices and invest costs for the selected systems.
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technology-open analysis, as it can be achieved e.g., by energy

budget tools [49]. Nevertheless, the developed model library effi-

ciently exploits the possibilities of equation-based modeling with

Modelica and facilitates a detailed representation of specific exist-

ing systems.

The approach was used to conduct a parametric study, which

demonstrates that MD-BTES systems facilitate high solar fractions

and thus enable the provision of a significant share of renewable

energies in the heat demand of SDH systems. In the case study of

the campus Lichtwiese DH grid, the BTES-assisted systems under

consideration appear to be very promising options for taking a

major step towards achieving the TU Darmstadt’s emission reduc-

tion targets. Even LCOHs below the reference case are possible, but

for a definite conclusion costs of transition measures, such as ad-

justments to building heating systems and the grid, should be

included.

Furthermore, results indicate that unambitious transition stra-

tegies similar to the Conservative scenario will ultimately fail to

attain the emission targets. However, an abrupt transformation of

the Lichtwiese into a SDH system, as represented by the Immediate

scenario, is also not advisable under the given circumstances. Such

hasty transitions result in higher LCOH, compared to Gradual and

Progressive transition strategies, without achieving any significant

additional emission reductions.

Consequently, in the case of the Lichtwiese DH system, it is

advisable to gradually integrate SDH from 2025 with a final STC

area of 42,000 m2 and an MD-BTES consisting of 37 BHEs. The

existing CHP units are to be operated at full capacity until 2030 and

afterwards reduced in steps to a final capacity of 500 kW in 2040.

While cumulative emission saving goals in 2050 could be

satisfied by the proposed systems, the final target in 2050 is missed

narrowly and carbon-neutrality cannot be achieved. Consequently,

future studies should include additional measures like a switch

from natural gas to biomass combustion or power-to-heat tech-

nology. Furthermore, necessary transformation measures on the

consumer side and subsidies should be considered and included in

cost calculation. Finally, the proposed concept of MD-BTES, which

so far has only been evaluated numerically, should be validated by

experimental data, to verify the identified energetic and economic

potentials.
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Nomenclature

3GDH Third generation district heating

4GDH Fourth generation district heating

BHE borehole heat exchanger

BTES borehole thermal energy storage

CHP combined heat and power

DH district heating

EF emission factor

GB gas boiler

GWP global warming potential

HP heat pump

HPC high-performance computer

LCOH levelized cost of heat

MD medium deep

SDH solar district heating

STC solar thermal collector

TRY test reference year

UTES underground thermal energy storage

Symbols

A Area m2

AN Annuities V

AF Annuity factor

F Fuel costs V

f Fraction %

M Maintenance costs V

I Investment costs V

Q Thermal energy J

r Interest rate %

R Revenues V

h Efficiency/utilization rate %

Subscripts

a Index of specific year

i Index of a specific component

life Component lifetime

min Minimum

op Concerning component operation

prod Concerning component production

sol Solar

th Thermal

tot Total
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H I G H L I G H T S  

• Long-term enviro-economic optimizations of shallow geothermal layouts are conducted. 
• Solar-coupled layouts with heat pumps are the most favorable option for heating. 
• Standalone layouts are reasonable options for combined heating and cooling. 
• The combination of ANN and multi-objective optimization methods is an accurate approach.  

A R T I C L E  I N F O   

Keywords: 
District heating and cooling 
Borehole thermal energy storage 
Environ-economic method 
Artificial neural network 
TRNSYS 
Multi-objective optimization 

A B S T R A C T   

Borehole heat exchanger (BHE) arrays represent a key technology for the future provision of sustainable building 
heating and cooling energy. They are either used as pure geothermal systems only extracting heating energy from 
the subsurface or they are also used to store excess heat from solar thermal collectors or waste heat from cooling 
applications in summer. The diversity of the systems makes it difficult to identify the optimal system in terms of 
emission reduction and economic efficiency. In this study, we assess the most relevant BHE system layouts for 
heating-only as well as combined heating and cooling purposes using dynamic simulations of the overall heating 
system in combination with an enviro-economic analysis method. The assessment routine is used in a multi- 
objective optimization approach to minimize the different system layouts’ emission factor (EF) and their lev-
elized cost of energy (LCOE). In order to cope with the high computational cost of the required long-term 
considerations, an artificial neural network (ANN) has been used to generate a proxy model in an intermedi-
ate step of the multi-objective optimization procedure. This approach delivers reliable optimization results, 
which reveal, that the lowest emissions for heating and cooling systems are realized by solar-assisted layouts. 
Comparison with a fossil-based reference layout shows that the most economical BHE layout accomplishes a 60% 
reduction in the EF with a moderate increase in the LCOE of only 13%. If, however, emission penalty costs are 
taken into account, the evaluated layouts also become economically advantageous compared to fossil-based 
systems.   

1. Introduction 

Climate change is a serious issue that the world is confronted with. 
Greenhouse gases (GHG) emitted by energy use from fossil fuels are the 
main reason for climate change [1]. In Europe, buildings require 40% of 
the overall energy and emit 36% of the GHG [2]. Heating and hot water 
consume 79% of the final energy demand in European households [3]. 
Cooling of buildings still has small share, but the demand is expected to 

increase considerably as the climate warms on average [4]. It is esti-
mated that by 2025 the installed cooling capacity in Europe is likely to 
be 55–60% higher than in 2010 [5]. Statistics show that approximately 
75% of heating and cooling is generated from fossil fuels [6]. Conse-
quently, simultaneous supply of heating and cooling with higher sus-
tainability needs to be considered as an important part of future energy 
systems. 

By 2050, more than 80% of European residents are expected to live 
in urban areas [7]. This trend increases the benefits of district energy 
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systems, which tend to be more economic for densely populated regions 
[8]. 4th generation district heating (4GDH) networks, with supply 
temperatures of less than 50 ◦C, are suitable for recycling heat from low- 
temperature sources such as solar and geothermal [9]. A future district 
cooling (DC) system, can be defined as a system more interactive with 
the electricity, DH and gas grids [9]. Overall, a 4th generation DHC grid 
can be considered as an interactive low-temperature energy grid to 
satisfy both heating and cooling demands [9,10]. The significant share 
of heating in final energy demand of European households as well as the 
increasing trend towards smart energy systems has made district heating 
(DH) a viable option for future energy supply [7,11]. 

As one of the main renewable energy sources, solar energy can have a 
major contribution in sustainable heating supply. Flat plate solar ther-
mal collectors (STC), which are the most common type for heating ap-
plications, operate more efficiently at lower temperature levels [12]. 
Therefore, they are suitable options for low-temperature DH networks. 
However, the temporal mismatch between solar thermal supply and heat 
demand is a major drawback of such systems. To overcome this problem, 
seasonal energy storage technologies are essential. They can also be 
utilized in cooling cycles, where the rejected waste heat is stored 
seasonally for further use in the heating season. 

Thermal energy storage (TES) technologies can be categorized to 
sensible, latent and chemical heat storage, from which chemical and 
latent TES solutions are not competitive for large-scale (district) appli-
cations [13]. Only some sensible heat storage technologies are appro-
priate for large-scale TES, which can be classified to large aboveground 
water tanks and underground TES (UTES) systems [14]. The most 
common types of UTES systems include tank TES, pit TES, aquifer TES 

and borehole TES (BTES) [15,16]. The main concentration of this study 
is on shallow BTES systems, with depths usually less than 100 m, but 
partly also in excess of 200 m [17]. BHEs with depths of more than 400 
m are not dealt with shallow geothermal standards [17]. BTES systems 
exploit the high underground thermal capacity, to store large quantities 
of fluctuating renewable or waste energy on a seasonal basis [18,19]. In 
general, a BTES system consists of an array of boreholes, each fitted with 
a BHE, which is a closed-loop pipe system placed in a borehole. The 
number of BHEs, their radial distance and their length define the size of 
the storage [20]. The BHEs are backfilled with a cement-based grouting 
material, which stabilizes the borehole, provides hydraulic sealing and 
improves thermal contact with the underground. The heat transfer 
process starts by circulating a heat transfer fluid (usually a water-glycol 
mixture) in the pipes [21]. 

The high efficiency of BTES systems, especially in lower temperature 
levels [22,23], makes them a promising option for integration into low- 
temperature solar DH networks, to fill the temporal mismatch between 
solar thermal supply and heat demand. Moreover, BTES systems can be 
utilized to shift the excess heat from cooling seasons to be used in 
heating seasons for combined heating and cooling applications. The 
underground has higher/lower temperatures in heating/cooling sea-
sons, compared to the ambient temperature. Higher source temperatures 
lead to more efficient operation of heating cycles. On the other hand, 
lower sink temperatures result in enhanced performance of cooling cy-
cles. Consequently, in addition to its utilization for TES on a long-term 
basis, the underground is an efficient heat source/sink of conventional 
ground-source HP (GSHP) systems for heating-/cooling-only purposes. 

Various implementation projects have already proven the 

Nomenclature 

ANN artificial neural network 
ASHP air-source heat pump 
BHE borehole heat exchanger 
BST buffer storage tank 
BTES borehole thermal energy storage 
COMP compromise 
DC district cooling 
DH district heating 
DHC district heating and cooling 
Eco economical 
EF emission factor 
Env environmentally-friendly 
GB gas boiler 
GHG greenhouse gases 
GSHP ground-source heat pump 
HEX heat exchanger 
HP heat pump 
LCA life cycle assessment 
LCC life cycle cost 
LCOE levelized cost of energy 
NG natural gas 
NSGA non-dominated sorting genetic algorithm 
Op operation 
STC solar thermal collector 
Symbols 
A area of solar collector m2 

a year 
a0 intercept efficiency 
a1 efficiency slope kJ/hr.m2.K 
a2 efficiency curvature kJ/hr.m2.K2 

Cap capacity kW 

f fuel consumption kWh 
GWP global warming potential g CO2 eq /kWh 
i component number 
I incident radiation on solar collectors kJ/hr.m2 

IC initial cost €/kWh 
L Length m 
LCC the present value of total life cycle cost € 

LCOE levelized cost of energy €/kWh 
MC maintenance cost €/kWh 
n number of systems components 
N number 
OC operational cost €/kWh 
Q thermal out put kWh 
r discount rate % 
T Temperature ◦C 
Vol Volume m3 

Q̇ heat flux kW 
η Efficiency % 
Subscripts 
BHE borehole heat exchanger 
BST buffer storage tank 
BTES borehole thermal energy storage 
CL cooling load 
Elec electricity 
F fuel 
GB gas boiler 
HP heat pump 
IC initial cost 
MC NG maintenance cost natural gas 
Prod production 
ret return 
sup supply 
tot total  
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practicability of geothermal heating and cooling systems, for examples 
refer to [24,25]. However, the main issue that may lead to reduced ef-
ficiency of these systems is their inappropriate design and dimensioning 
considering their interaction with other components of the energy sys-
tem. An exemplary system in Germany, consists of a BTES that is charged 
by STCs and discharged by a HP, which are connected to two buffer 
storage tanks (BSTs) [26,27]. The low HP capacity of this system led to 
its inefficient operation and caused a large capacity of the BTES to be 
remained unused as it is discharged less than planned [27]. Moreover, 
stagnation occurred in STCs due to smaller dimensions of the BTES, BST 
and HP, compared with design values [27]. A BTES should not be 
regarded in isolation, but merely as one component within a district 
heating and cooling network [18]. Guidelines are required for design 
and optimization of the BTES systems in DHC networks, considering 
their integration with other system components. 

Considering the experience from demonstration and pilot projects, 
different configurations of BTES-assisted systems represent viable op-
tions. These need to be evaluated from a technical, economic and 
environmental point of view in order to increase their share in a sus-
tainable thermal load supply. With this goal in mind, many studies have 
been conducted in recent years. Life cycle assessment (LCA) studies 
demonstrate that the integration of BTES systems yields a large reduc-
tion in global warming potential (GWP) [28,29]. Furthermore, the re-
sults of a parametric study on a BTES-assisted solar DH system show 
that, besides reducing GWP, they are economically more favorable than 
GSHPs [30]. Multi-objective optimization to simultaneously minimize 
the life cycle cost (LCC) and CO2 emissions of a BTES-assisted central 
heating system in different cold climate locations depicts its viability 
[31]. Moreover, the results of energetic and LCC analysis of a small-scale 
BTES-assisted solar DH system for several locations in the UK show the 
technical feasibility of these systems. However, encouraging financial 
policies are required for a faster rollout [32]. 

Nevertheless, none of the aforementioned and other similar studies 
have compared possible layouts of BTES-assisted systems for heating as 
well as cooling from environmental and economic points of view. In 
addition, as the operation of BTES systems and their temperature level 
are strongly dependent on the stored and extracted energy as well as the 
number of charging and discharging cycles, they should be evaluated on 
a long-term basis such as the project life time. Since such a long-term 
assessment entails high computational costs, though, optimization ap-
proaches for minimizing GWP and LCC are mainly based either on 
simplified parametric studies or on multi-objective optimizations with a 
limited number of variables or simulation years. This in turn is associ-
ated with lower accuracies. Moreover, due to computational costs the 
optimizations are mainly conducted with a limited number of evalua-
tions, which rarely leads to final convergence of optimization 

algorithms. Therefore, an optimization study for comparing possible 
heating and cooling layouts of the BTES systems to specify decisive 
optimization variables, with less restrictions to the number of the vari-
ables, is needed. This should be done during project lifetime with un-
limited number of evaluations until real convergence of the optimization 
problem. 

In this study, solar-assisted and standalone geothermal layouts for 
heating as well as combined heating and cooling applications are 
compared using an environ-economic analysis method to minimize 
emission factor (EF) and Levelized Cost of Energy (LCOE). Initially, a 
model of a well-known reference system from Canada [33] is created, 
which is validated against real operational data. Subsequently, the 
boundary conditions are adapted to a case study in Germany. Based on 
the reference scenario and other studies, alternative layouts and their 
control strategies are then proposed. For modeling the different system 
layouts, the Software TRNSYS [34] is used. To evaluate the proposed 
designs, a combination of artificial neural network (ANN) and multi- 
objective optimization methods is utilized for predicting and mini-
mizing the objective functions in MATLAB [35]. The ANN approach is 
required to reduce the optimization time. It is used as an intermediate 
stage to predict and validate the objective functions after initial evalu-
ations of the objectives by a genetic algorithm. This leads to higher ac-
curacy of the predicted functions for the optimization purposes with less 
input data, in comparison with similar studies which normally utilize 
uniform distribution functions to generate data in the evaluated space, e. 
g. [36]. As the final stage of the computational procedure, the validated 
objective functions are optimized until the final convergence of the 
optimization algorithm. Finally, a sensitivity analysis is conducted to 
assess the effect of changing cost functions. 

Optimization results of this study define dimensions of the most 
important components of geothermal layouts by taking their required 
long-term evaluations into consideration. Utilizing the proposed 
computational model, it is assured that the results are converged to the 
best solutions. Consequently, design guidelines for geothermal systems, 
considering their transient interaction with other system components 
during project lifetime can be presented, which has not been done so far. 

2. Reference case selection and validation 

The selected reference case, Fig. 1, is the BTES system in Drake 
Landing Solar Community [37]. In summer, nearly 2,300 m2 roof- 
mounted flat plate STCs store solar energy in 144 single U-tube bore-
hole heat exchangers (BHE) with a length of 35 m each. During winter 
operation, the recovered energy from the BTES and the collected energy 
from the STCs provide most of the required heating load for 52 single- 
family homes, supported only by a gas boiler (GB) to supply peak 

STC

BTES

BST

Collected

Solar Energy

Extracted

Energy
Stored

Energy

HEX
Delivered Solar 

Energy to District

GB

Peak load
52 Houses

Incident

Solar 

Radiation BST

HEX

Fig. 1. Energy flow diagram of the reference case, modified after [33].  
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demand. Two horizontal BSTs, each having a volume of 120 m3, are used 
for diurnal storage of solar energy and the thermal connection of solar, 
ground and district loops. Two heat exchangers (HEXs) separate solar 
and district loops from BSTs and ground loop. 

In case of the validation of reference model, data from the annual 
report [33], calibrated parameter values from the designers [38–40], a 
regression model for calculating load profile as a function of ambient 
temperature [40] and the weather data of 6 years of operation [41] serve 
as model inputs. Fig. 2 shows the simulation results in TRNSYS against 
the measured numbers as given in the annual report. It can be seen that 
the simulation can represent the performance of the system in operation. 
The deviations between the measurement and the simulation results are 
mainly due to differences in the operational strategies used in the 
simulation (cf. Chapter 4.1.1.) in comparison with the ones applied in 
reality [33,42]. Moreover, to enhance system’s performance, modifica-
tions have been implemented to the system during years of operation 
[33]. Overall, it can be concluded that the system can be used as a 

validated reference case for a generic study to compare different layouts 
of geothermal systems. 

3. Case study 

3.1. Case study setup 

A notional urban quarter in Frankfurt, Germany, consisting of 31 
single-family homes and 4 office buildings is considered in a generic case 
study. Load profiles of each building topology are calculated using 3D 
thermal zone models in TRNBuild, taking into account weather data 
from Frankfurt [10,43,44]. Construction materials, occupation sched-
ules and set point temperatures are based on standard libraries [44,45]. 

Fig. 3 shows the total calculated load profile of the quarter. The 
overall annual heating and cooling demands are 523 MWh and 62 MWh, 
respectively, with most of the cooling demand attributed to the office 
buildings. In heating mode, the supply temperature (Tsup) to the 

Fig. 2. Simulation results (orange) vs. measurement data (blue) of the reference case.  

Fig. 3. District load profile.  
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buildings is a function of the ambient temperature with gliding-constant 
operation [30] and minimum and maximum values of 37 ◦C and 41 ◦C, 
respectively. The return temperature (Tret) is approximately 7 ◦C lower. 
These values are compatible with the temperature level of low-energy 
buildings, 4GDH grids and the reference case. In cooling mode, Tsup 
and Tret are 18 ◦C and 22 ◦C, respectively, which are reasonable values 
for passive geothermal cooling operation [46]. 

3.2. Adapting the reference case to the case study 

In a next step, the validated reference case model is adapted to the 
case study. This includes the adjustment of different location-dependent 
parameters such as the solar irradiation and BTES thermophysical 
properties. Moreover, the reference BHE type is replaced by double U- 
tube BHEs, which are the most popular type of BHEs in Germany [21]. 
Furthermore, the horizontal BSTs from the reference system are 

substituted by vertical BSTs, which are commonly used in central solar 
heating plants in Germany [26]. The main advantage of vertical BSTs is 
reduced mixing and heat loss due to smaller relative contact area be-
tween water temperature layers. This advantage is more in tanks with 
higher aspect ratios [33], which can be reached easier by using two 
(multiple) BSTs, especially when there is a limitation for maximum 
allowable installation heights. Moreover, using two (multiple) BSTs, as 
the center of a thermal plant, ensures more sustainable and consistent 
load supply. Therefore, in this study, as in the reference case and other 
similar plants like [47], two BSTs are considered. Definition of the op-
timum number and length of the BHEs and volume of the BSTs is part of 
this study. 

4. System design scenarios 

Two different operational scenarios are considered: heating-only 
mode (H) and combined heating and cooling mode (HC). For each of 
these, three different system designs are compared. 

In heating-only mode (Table 1), two system layouts (H1 and H2) 
contain a BTES systems, which is charged by STCs during summer sea-
son. In winter, system H1 supplies the heating load passively without the 
use of HPs, while system H2 uses HPs. The third system option H3 
represents a conventional GSHP system without storage or regeneration. 

In combined heating and cooling mode (Table 2), the solar-assisted 
BTES systems (HC1 and HC2) are heated up by STCs during the sum-
mer seasons as well. Therefore, they cannot be used as heat sink for 
cooling purposes efficiently. In both cases, the cooling load is supplied 
by an air-source HP (ASHP). As for the heating-only scenario, the 
heating load in winter is either provided without (H1) or with (H2) HPs. 
Again, the third system layout (HC3) lacks STCs. Instead, the rejected 
waste heat from the cooling cycle is passively stored in the BTES system, 
which renders the air-source heat pump obsolete. When the BTES tem-
perature is not low enough for passive cooling load supply, HPs meet the 
load actively. In the heating season, the BTES is once more discharged 
actively with the use of the HPs. 

Table 1 
The proposed scenarios for heating-only mode.  

Scenario Heating Cooling STC GHE BST GB 
H1 Passive 

(BTES) 
— Flat 

plate 
2U- 
tube 

Vertical Peak 

H2 Active (BTES) — Flat 
plate 

2U- 
tube 

Vertical Peak 

H3 Active 
(GSHP) 

— — 2U- 
tube 

Vertical Peak  

Table 2 
The proposed scenarios for combined heating and cooling mode.  

Scenario Heating Cooling STC GHE BST GB 
HC1 Passive 

(BTES) 
Active 
(ASHP) 

Flat 
plate 

2U- 
tube 

Vertical Peak 

HC2 Active 
(BTES) 

Active 
(ASHP) 

Flat 
plate 

2U- 
tube 

Vertical Peak 

HC3 Active 
(BTES) 

Passive 
(BTES) 

— 2U- 
tube 

Vertical Peak  

BST2

STC

BTES

BST1HEX1 HEX2

Solar loop

Buffer storage loop

Ground loop

District loop

Houses

P1 P2

P3

P4

P5

Fig. 4. System layout of the passive heating (BTES).  
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BST2

STC

BTES

BST1HEX1 HEX2

Solar loop

Buffer storage loop

Ground loop

District loop

Houses

HP

P1 P2

P3

P4

P5

P6

Fig. 5. System layout of the active heating (BTES).  

BST2

BTES

BST1 HEX

Buffer storage loop

Ground loop

District loop

Houses

HP

P1

P2

P3

P4

Fig. 6. System layout of the active heating (GSHP).  
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4.1. Heating operation 

4.1.1. Passive heating (BTES) 
A simplified representation of system layout H1 in discharging mode 

is illustrated in Fig. 4. During summer operation, the collected solar 
energy is delivered to the BSTs via the solar loop HEX (HEX1). The 
control strategy is adapted from [48]. A variable-speed STC pump (P1) is 
activated by a differential controller, which monitors the outlet tem-
perature of the STCs, the top temperature of the warmer BST and the 
bottom temperature of the colder BST. The design temperature differ-
ence (ΔT) of STCs is taken as 15 K [42]. The variable-speed pump that 
delivers the solar energy to the BSTs (P2) has the same flow rate as the 
solar loop pump, with the nominal flow rate slightly lower than the solar 
loop, as in the reference case [42]. 

Charging of the BTES is controlled by a differential controller, which 
monitors the temperature difference ΔT between the BTES center and 
the top of the warmer BST (BST2). Similarly, ΔT between the BTES 
center and the bottom of the colder BST (BST1) is used for BTES dis-
charging control. In both modes, a high limit cut-out prevents the BTES 
and BST2 from overheating. A supplementary charging mode is also 
possible in parallel with the discharging mode, especially during tran-
sition seasons, when the solar yield exceeds the heating demand. 

Another variable-speed pump (P4) is placed in the loop that delivers 
BSTs energy to the district HEX (HEX2). Its flow rate is controlled by the 
HEX’s energy balance equation and the supply temperature in the dis-
trict loop Tsup so that the fluid of the district loop is heated up to set 
point. The variable-speed pump of the district loop (P5) is also 
controlled to meet the district design ΔT (cf. Chapter 3.1.). 

4.1.2. Active heating (BTES) 
For the H2 layout (Fig. 5) the control strategies of solar, buffer 

storage and district loops are the same as for H1. A HP, which is chosen 
based on the operational data from a manufacturer [49], discharges the 
BTES actively and is bypassed when the BTES temperature is high 
enough to supply the load passively. The HP and the BTES pumps (P3 

and P4) start working when the BSTs are not hot enough to supply the 
demand. For this purpose, the ΔT between the district Tsup and the 
bottom of the colder BST (BST1) is monitored as the dead band for filling 
the BSTs. Moreover, the top of the warmer BST (BST2) is monitored as 
high limit cut-out. The flow rate on the load side of the HP is modulated 
considering its capacity and the design ΔT of the BST side of the district 
HEX. 

4.1.3. Active heating (Geothermal) 
In the H3 scenario (Fig. 6) a GSHP actively supplies the heating load. 

The control strategies of the buffer storage and the district loops are 
similar to the H1 layout. For the BTES loop, the control strategy is 
similar to the active mode of the H2 layout, where the temperatures of 
the district and the BSTs are monitored to control the filling level of 
tanks. The load side flow rate of the GSHP is also modulated considering 
its capacity and the design ΔT of the BST side of the district HEX. 

4.2. Cooling operation 

In the combined heating and cooling scenarios, the operational data 
of the ASHP used for cooling in the layouts HC1 and HC2 is selected 
based on a manufacturer’s catalog [50]. The control strategy for the 
BTES when used as the heat sink for passive cooling in layout HC3 
(Fig. 7) is set by a differential controller. It monitors ΔT between the 
BTES center and the top of the BST1, which is the entering node of the 
return fluid from the district loop HEX. Active cooling mode is activated 
as soon as the passive cooling controller turns off due to high BTES 
temperatures and the Tsup of the district exceeds the design value. 

5. Evaluation criterion 

5.1. Environmental analysis 

For the environmental assessment of the proposed system layouts 
their EF is calculated by dividing their overall GWP by total thermal 

BTES

HEX

<<<<<<<

Buffer storage loop

Ground loop

District loop

Houses

HP

BST2BST1

P1

P2

P3 P4

Fig. 7. System layout of the BTES in cooling mode.  
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output (Qtot), Eq. (1) [28]. The overall GWP is calculated using Eq. (2). It 
adds up the GWP associated with the production of n system components 
(GWPProd,i), cf. Table A1, and the GWP associated with the emissions 
caused during the operation of the evaluated layout (GWPOp,a) for the 
whole project lifetime (alife). Qtot is the summation of thermal output at 
each year (Qa) during project lifetime. 

EF =
GWP

Qtot

(1)  

GWP =
∑

n

i=1

GWPProd,i +
∑

alife

a=1

GWPOp,a (2) 

After calculating the yearly consumption of electricity (felec,a) and 
natural gas (fgas,a), GWPOp,a can be calculated using Eq. (3). The EFs 

associated with electricity and natural gas consumption as functions of 
the assessment year (EFelec,a and EFgas,a) are calculated based on available 
data for Germany as given by IINAS [51,52]. They are projected into the 
future using the evolutionary scenario by Welsch et al. [28], Table A.2. 
GWPOp,a = felec,aEFelec,a + fgas,aEFgas,a (3)  

5.2. Economic analysis 

The economics of the various system layouts are compared on the 
basis of the achieved LCOE. These can be calculated by dividing the 
present value of total LCC of an overall system layout by the discounted 
total energy using Eq. (4) [53]. CIC,a are the capital investment costs, 
CMC,a are the maintenance costs and CF,a are fuel costs. alife and the 
discount rate (r) are assumed as 30 years and 3%, respectively. 

LCOE =

∑alife

a=1(CIC,a + CMC,a + CF,a)⋅(1 + r
)−a

∑alife

a=1Qa(1 + r)−a (4) 

Investment cost (IC) and maintenance cost (MC) of the main com-
ponents are based on benchmark functions, c.f. Tables A.3. Based on the 
annual consumption values felec,a and fgas,a, CF,a is calculated using Eq. (5). 
Electricity and natural gas costs are defined as functions of the assess-
ment year (celec,a and cgas,a) by linearly projecting the estimated values by 
economic reports, cf. Table A.4 and Table A.5. 
CF,a = felec,acelec,a + fgas,acgas,a (5)  

5.3. Enviro-economic optimization 

The aim of an enviro-economic optimization is to simultaneously 
minimize the LCOE and the EF. However, both target functions compete 
with each other. Systems with a lower EF usually cost more. Therefore, 
multi-objective optimization is required to find the best solutions for 
both. The objective functions, optimization variables and their bound-
aries are listed in Table 3. The optimization variables are chosen to 
define dimensions of important components of a geothermal layout, 
including BTES (LBHE and NBHE), HP (CapHP), STCs (ASTC) and BSTs 
(VolBST). 

6. Computational model 

6.1. Modeling and simulation 

In the following section, the main components (TRNSYS types) used 
for the modeling of the proposed layouts are discussed. Moreover, the 
most important parameters of each type can be found in Table 4. 

Type 1a is used for the simulation of STCs, which is based on a 
quadratic efficiency performance model (Eq. (6)) [34] for the calcula-
tion of STC efficiency ηSTC. Coefficients a0, a1 and a2 are obtained from 
standardized collector performance tests, ΔT is the difference between 
the mean fluid temperature and ambient temperature and I is the inci-
dent radiation on STCs. Initial values for the validation of the reference 
case were taken from benchmark values given in [54]. 

ηSTC = a0 − a1

ΔT

I
− a2

(ΔT)2

I
(6) 

The BTES is modeled using the duct storage model (Type 557) [55]. 
As mentioned in Chapter 3.2., double U-tube BHEs are chosen. The BHE- 
related design parameters, e.g. pipe material and dimensions, are 
selected based on standard libraries [46] and location-specific parame-
ters. Furthermore, the storage thermal conductivity and heat capacity 
are taken from experimental data [56]. 

Type 534 is used for the modelling of the BST. It divides the tank into 
a series of isothermal layers to account for stratification. The number of 
layers is chosen in accordance with benchmark studies [39] and a 
manual refinement study. Data from a manufacturer [57] and installed 

Table 3 
Objective functions and optimization variables.  

Objective functions Definition 
min EF  Emission Factor 
min LCOE  Levelized Cost of Energy  

Subject to  
30 m ≤ LBHE ≤ 400 m  Length of BHEs 
6 ≤ NBHE ≤ 300  Number of BHEs 
56.6 kW ≤ CapHP

a ≤ 300 kW  Capacity of HP 
13.57 m2 ≤ ASTC ≤ 5000 m2  Are of STCs 
10 m3 ≤ VolBST ≤ 1000 m3  Volume of BSTs 

a for active scenarios. 

Table 4 
Main TRNSYS parameters.  

Component Parameter Value Component Parameter Value 
BTES BHE type 2U STC Fluid specific 

heat 
3.798 
kJ/ 
(kg⋅K) 

Type 557 Boreholes in 
series 

3,6 Type 1a Efficiency 
mode 

2  

Borehole 
radius 

0.065 
m  

Tested flow 
rate 

25 l/ 
min 

Pipe outer/ 
inner radius 

0.016/ 
0.013 
m 

Intercept 
efficiency 

0.778 

BTES 
thermal 
conductivity 

2.6 W/ 
(m⋅K) 

Efficiency 
curvature 

0  

BTES heat 
capacity 

2080 
kJ/ 
(m3⋅K)     

Grout 
thermal 
conductivity 

2 W/ 
(m⋅K) 

HEX   

Fluid 
specific heat 

4.182 
kJ/ 
(kg⋅K) 

Type 91 Effectiveness 0.80    

Type 512 Effectiveness 0.95 
BST Number of 

tank nodes 
30    

Type 534 Number of 
ports 

4 HP Rated 
heating 
capacity 

56.6 
kW  

Aspect ratio 3.916 Type 927c Rated power 13.2 
kW  

Loss 
coefficient 

0.15 
W/ 
(m2⋅K)  

Rated 
cooling 
capacity 

43.4 
kW 

Pump Total pump 
efficiency 

60% Boiler Efficiency 95% 

Type 110   Type 700   
c Values at entering load-side and source-side temperatures of 30 ◦C and 0 ◦C 
[36]. 

H. Hemmatabady et al.                                                                                                                                                                                                                        



Applied Energy 311 (2022) 118652

9

systems (e.g. [58]) are used for specifying loss coefficient and aspect 
ratio. 

Type 927 is used for simulating HPs. It works based on interpolation 
with four independent variables: Output capacity, corresponding outlet 
source and load side temperatures as well as flow rates are read based on 
inlet temperatures and flow rates from a provided catalog file [49]. After 
preparing the catalog data files, their validity was checked against the 
manufacturers’ catalogs at various operating conditions. 

Peak demands are covered by a condensing GB with an energetic 
efficiency of 95% [59]. It is modelled using Type 700. 

The HEX of the solar loop is modelled by Type 91b. The district HEX 
is modelled by Type 512, which sends a control signal to the variable- 
speed pump on the BST side according to the required Tsup. The effec-
tiveness of the HEXs is chosen from the benchmark values in [33]. 
Moreover, as Type 512 is just capable of controlling the set-point tem-
perature on the cold-side of the HEX, as required for the heating mode, 
the HEX type is improved and adapted to control the operation of the 
variable speed pump in cooling mode using the Fortran compiler inside 
TRNSYS. 

Several variable speed pumps are used to force the flow in the 
different fluid loops. These are modeled with Type 110. 

Finally, to implement the control strategies discussed in Chapter 4, 
the controllers of STCs, BSTs and BTES are modelled with a differential 
controller with hysteresis (Type 2b), while for controlling the operation 
of the GB a simple aquastat (Type 106) is used. More details about Type 
2b function can be found in Appendix B. 

6.2. Coupling multi-objective optimization and system simulation 

The general optimization procedure for a system layout is illustrated 
in Fig. 8. It is divided into three sequential stages. In the first stage, an 
initial direct optimization based on TRNSYS system simulations is per-
formed. Such a direct optimization method is suitable, when the simu-
lation time is low and convergence of the optimization can be reached 
fast. However, since simulating the operation of geothermal-based 
heating and cooling systems is computationally intensive, it is not 
possible to achieve convergence of the direct optimization approach in 
an acceptable time frame. For this reason, the optimization is terminated 
after a certain acceptable duration before the final convergence is 
reached. The results gained so far are then used in the second stage to 
create a proxy model, which approximates the shape of the objective 
function in the region defined by the parameter boundaries. In the third 
stage, the proxy model is used to minimize LCOE and EF in a multi- 
objective optimization. 

As the creation of the proxy model requires a much smaller 

computational effort than the numerous simulations of the TRNSYS 
model, this approach is much more time efficient. Comparable ap-
proaches have already been presented for geothermal applications and 
have proven to facilitate optimization for systems that are too complex 
for direct optimization [19]. 

6.2.1. Initial direct optimization 
For the direct optimization, TRNSYS is coupled with MATLAB, which 

allows for the utilization of the available MATLAB optimization tools. 
Genetic algorithm is used, which is a common method for nonlinear 
optimization [60]. Estimates of the algorithm for the systems design 
parameters under consideration are written to a text file, from which 
they are read by TRNSYS as input parameters for the system simulations. 
After a 30-year simulation is finished, the resulting LCOE and EF of 30- 
year simulations in TRNSYS are sent back and evaluated by the opti-
mization algorithm in MATLAB. 

6.2.2. Training, testing and validation of the proxy model 
The results from the first stage direct optimization are given as input 

data to the artificial neural network toolbox in MATLAB, which is used 
here to create the proxy model. ANNs are powerful tools to identify 
input–output relations of nonlinear and complex systems [61]. Appli-
cation of ANNs for modeling and performance predication of energy 
systems has already been proven by other studies [36,62]. Sample points 
are used for training, testing and validation of the output as a function of 
inputs. The sample points can be chosen randomly by uniform distri-
bution functions that generate data points in the evaluated space. In this 
study, to increase the accuracy and further reduce the computational 
effort, the sample points are chosen based on the study’s objective to 
minimize LCOE and EF, defined in the initial optimization in the first 
stage. 

The Levenberg-Marquardt algorithm [63] is used as training algo-
rithm as it resulted in lower estimation errors for the proxy model. In 
specifying the proxy model, the first step is defining the percentage of 
the fed data that are used for training, testing and validation of the ANN. 
Thereafter, number of hidden layers and their hidden neurons, which 
are used to specify relation between input data and outputs, need to be 
defined. Finally, the training procedure starts and the regression value R 
is calculated, which measures the correlation between outputs of the 
ANN proxy models and the actual simulation results. An R value of 1 
means a close match between the guessed values and the actual values. It 
is calculated by the overall mean of training, testing and validation R 
values of the ANN, which are taken as 70%, 15% and 15% of the fed data 
respectively. Neural networks consist of at least 3 layers, the input layer, 
a hidden layer and the output layer [35]. Some adjustments, e.g. 

.txt

MATLAB

Genetic 

Algorithm

Guesses from 

MATLAB

TRNSYS

Objectives     

Project Lifetime 

.txt

Objectives / 

Constraints

Input to 

TRNSYS

Input to 

MATLAB

MATLAB

Artificial Neural 

Network (ANN)

(1) Initial population / Objective functions

Defining relation between 

objective functions and 

optimization variables

(2) Training, testing and validation 

of the objective functions 

Optimization until 

convergence

(3) Mult-objective optimization 

MATLAB

Genetic Algorithm 

(NSGA II)

NSGA II 

converged?

Yes

No

Optimum 

Results

Call 

TRNSYS
TRNExe

Fig. 8. Optimization procedure.  

H. Hemmatabady et al.                                                                                                                                                                                                                        



Applied Energy 311 (2022) 118652

10

increasing the number of hidden layers, may be required to improve the 
accuracy. Multiple layers of neurons with nonlinear transfer functions 
allow the network to learn nonlinear relationships between input and 
output vectors [35]. The number of hidden layers is chosen as 1, which 
has 10–15 hidden neurons, depending on the investigated layout. The 
aforementioned numbers are chosen by running the training algorithm 
several times with different numbers of input data for each layout to 
have the lowest estimation errors (cf. Chapter 6.2.3). In this study, 
nearly 5% of the data is also used for validation after the proxy model is 
trained and the selected results of the last stage of the optimization are 
again compared with simulation results. 

6.2.3. Verification of the objective functions 
Fig. 9 shows the results of EF and LCOE for all conducted optimi-

zation iterations during the direct optimization carried out in the first 
stage of the optimization procedure (Fig. 8). The algorithm generally 
seeks in the entire parameter space, increasing the search density at loci 
where it comes closer to the objective of the optimization, i.e. minimum 
EF and LCOE. 

Fig. 10 illustrates the estimation error exemplary for the H1 scenario. 
As it can be seen in the figure, the overall R value is 0.99996 for pre-
dicting LCOE and 0.99982 for EF, which proves the accuracy of the 
utilized method for estimating the objective functions. The required 
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number of evaluations for reaching low estimation errors is dependent 
on the layout and the number of optimization variables. Larger numbers 
of variables require more data for training. Consequently, the H2 sce-
nario with 5 optimization variables required approximately 2000 runs, 

while the H1 and H3 scenarios which have 4 optimization variables 
required 1400 and 1200 points. 

6.2.4. Final multi-Objective optimization 
Finally, in the third stage, the trained and validated proxy models are 

given to the non-dominated sorting genetic algorithm (NSGA II) [64] 
toolbox in MATLAB. The multi-objective optimization continues until 
the algorithm converges. The number of evaluations in this stage de-
pends on the optimization settings. However, due to the application of 
the proxy model, the optimization algorithm converges within a few 
minutes, even for strict tolerance settings. Table C1 shows the most 
important NSGA II optimization settings that are used in this study, 
which are mainly based on recommended settings in MATLAB consid-
ering the optimization problem and number of optimization variables 
[65]. Results of the final multi-objective optimization of each layout 
specify values of the optimization variables and are located on a Pareto 
front, which is locus of the points with the lowest amounts of EF and 
LCOE. Moreover, characteristic designs on the Pareto front are selected 
and their component-wise EF and LCOE are discussed. Finally, a sensi-
tivity analysis is done to consider the effects of uncertainties on the 
characteristic points. 

7. Results and discussion 

7.1. Pareto efficient solutions 

After verification of the objective functions, the final stage of the 
computational model is conducted using the NSGA II algorithm to 
identify Pareto efficient solutions of each scenario, closest to the bottom 
left corner. Assuming a maximum of 2000 simulations for training of the 
ANN, and 20,000 points for the final convergence of NSGA II, the pro-
posed computational model can reduce the computational time by 
approximately 90% in the present case. 

Fig. 11 presents the results for the three heating-only system layouts 
(H1–H3). Among these, H2 (i.e. the layout with seasonal storage and 
active discharging via an HP) shows the best results. Moreover, for the 
solutions with equal EFs, H3 (i.e. the GSHP layout without storage) re-
sults in much lower LCOEs than the scenario with passive discharging of 
the BTES (H1). However, in terms of EF reductions, both layouts uti-
lizing STCs and seasonal storage (H1 and H2) outperform H3 by a wide 
margin. 

For HC1 and HC2 (i.e. the layouts including seasonal storage of solar 
energy and cooling via an ASHP), no separate training simulations are 
carried out, as the ASHPs are simulated using the same boundary con-
ditions (Chapter 3.1 and Chapter 4.2). Moreover, it is assumed that there 
is no interaction between ASHPs and other system components. The 
calculated EF and LCOE for the ASHPs are 40 g CO2 eq and 0.0912 € per 
kWh of cooling load supply. The overall EF and LCOE per kWh of the 
combined heating and cooling load (Fig. 12) for HC1 and HC2 are then 
calculated using the results of H1 and H2. However, for HC3 (i.e. the 
layout using the BTES as heat sink for cooling), a separate optimization 
is carried out. 

A comparison of the optimization results of the three HC layouts 
reveals that HC3 achieves the lowest LCOE for EFs of more than 
approximately 65 g CO2 eq/kWh. However, like for the heating-only 
scenarios, system 3 without STCs cannot reach EF values as low as in 
the solar-assisted layouts HC1 and HC2. Again, the systems with active 
discharging of the BTES via HP (HC2) outperform the passive layouts 
(HC1) in terms of EF slightly and in terms of LCOE significantly. 

Finally, the heating-only scenarios and the combined heating and 
cooling scenarios shall be compared: For the solar-assisted layouts (H1/ 
H2 and HC1/HC2) the specific cost and emissions per kWh of provided 
energy (i.e. LCOE and EF) decrease when cooling is included (Fig. 11 vs. 
Fig. 12). This is mainly attributed to the fact, that significantly more use 
energy is delivered in the cooling scenarios and that the generation of 
cooling energy with ASHP is comparably efficient. However, when 
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regarding cumulative energy costs and emissions (i.e. LCC and GWP, 
Fig. 13) it becomes obvious that cooling in this cases causes additional 
costs as well as additional emissions. In contrast to that, for the stand-
alone scenarios (H3 and HC3), cooling improves both the specific and 
the cumulative evaluation criteria. This highlights the advantage of 

recharging the underground to supply both heating and cooling load in 
comparison with conventional GSHP systems for heating-only purposes. 

If, as a reference, it is assumed that the heating load was supplied by 
GBs and the cooling load by the ASHPs, the overall EF and LCOE would 
be roughly 250 g CO2 eq/kWh and 0.046 €/kWh. Therefore, the inves-
tigated layouts can decrease the EF by 79%, while they increase the 
LCOE by more than 44%, even though increasing gas and electricity 
costs are considered. However, it should be mentioned that the existing 
national subsidies to support renewable energies as well as the CO2 
emission costs have not been included in LCOE calculations so far. These 
are evaluated in Chapter 6.4. 

The range of the optimized variables on the Pareto front of each 
scenario is given in Table 5. As mentioned earlier, HC1 and HC2 are the 

Table 5 
Ranges of the optimized solutions on the Pareto fronts.  

Scenario ASTC [m2]  LBHE [m]  NBHE  CapHP [kW]  VolBST [m3]  

H1 (HC1) 2080–2650 50–65 42–66  310–690 
H2 (HC2) 410–1260 30–85 30–66  113.2 30–490 
H3 — 65–170 42–63  169.8 95–165 
HC3 — 100–220 21–33  113.2 70–100  
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Fig. 14. Range of the optimization variables on the Pareto fronts of the solar-assisted scenarios.  
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results of adding an ASHP to H1 and H2 to supply the cooling demand. 
Therefore, the ranges of their optimized variables are the same. For the 
solar-assisted scenarios, supplying the heating load passively results in 
larger STC areas, which requires also larger BTES and BST for seasonal 
and diurnal storage of the collected solar energy. The H3 and HC3 sce-
narios result in higher lengths than the other scenarios which is favor-
able because it leads to lower surface areas as larger amounts of spacing 
are recommended for more efficient operations of the standalone sce-
narios [10,46]. The H3 scenario results in lower source temperatures for 
the HP in comparison with the HC3 scenario, as the ground is only 
discharged. Hence, higher HP capacities are required to supply the same 
heating demand. This also results in larger VolBST for scenario H3. It 
should be mentioned that the capacities of the HPs on Table 5 are 
nominal numbers. The real capacities are dependent on the ground-side 
temperatures, which vary for different scenarios and simulation time. 

The relation between the optimized variables of the sample points on 
the Pareto fronts and their corresponding outputs is shown in Figs. 14 

and 15. As it is expected, for all scenarios the EF decreases and LCOE 
increases by increasing the total drilling length (LBTES = LBHENBHE) for 
installing double U-tube BHEs. Similarly, an increase in ASTC decreases 
EF and increases LCOE. Figs. 14 and 15 can be used to determine an 
optimal layout of the STC and the BTES, depending on a project’s con-
straints and the envisaged layout, by choosing a value for the objectives. 
For a chosen total drilling length LBTES, optimal ratios for LBHE and NBHE 

can be derived from Table 3, considering that higher LBHE results in 
lower EF and higher LCOE (cf. Fig. 16). Likewise, higher VolBST also 
results in lower EF and higher LCOE for the solar-assisted scenarios. On 
the other hand, for the standalone scenarios VolBST is mainly related to 
the HP capacity and remains within a limited boundary for different 
designs on the Pareto front. The more nonlinear behavior of the objec-
tive functions with changing LBHE in H1 and H2 is the result of the in-
fluence of STCs on the objectives. 

For further analysis, three characteristic designs on the Pareto front 
of each layout are chosen. These include the most economical the most 
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Fig. 16. Change in EF and LCOE with LBHE (a and b) and with VolBST (c and d) for the optimized layouts on the Pareto front.  

Fig. 17. Simulation vs. ANN results of EF (a) and LCOE (b) for the characteristic designs H1-H3 and HC3.  
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environmentally-friendly and the compromise solutions. The compro-
mise solution is the point with the minimum distance from the notional 
ideal point with the lowest possible EF and LCOE resulted from the 
optimization algorithm. These points are simulated with the TRNSYS 
models. The results are then compared with the outputs from the ANN, 
for the scenarios which were trained and optimized (H1-H3 and HC3, cf. 
Chapter 6.2). As illustrated in Fig. 17, the simulation results closely 
match the outputs from the ANN proxy model, which again proves the 
validity of the ANN method for predicting the objective functions. As not 
separate training was conducted for HC1 and HC2 scenarios. The 
simulation results of the characteristic designs and their corresponding 
optimized variables are given in Table 6 as well. The HC3 scenario yields 
the lowest LCOE and scenario HC2 has the lowest EF among the com-
bined heating and cooling scenarios, while H2 always gives the best 
results for both objectives for the heating scenarios. 

7.2. Environmental and economic analysis 

To gain deeper insight into the coherencies of the results, the 
composition of EF and LCOE for the characteristic designs of Table 6 is 
shown in Figs. 18 and 19. For all scenarios, the overall EF and the EF 
during the operational phase decrease while the emissions during the 
production phase increase from the economical to the ecological de-
signs. This is the result of more efficient operation of the layouts with 
higher renewable share and consequently higher LCOE. Adding ASHPs 
to the solar-assisted scenarios to supply cooling demand increases the IC, 
the overall electricity consumption, and the associated EF during the 
production and the operation of ASHPs. However, a comparison of H1 
with HC1 and H2 with HC2 reveals that the overall specific values 
slightly decrease. Finally, for the standalone scenarios, utilizing the 
underground to supply both heating and cooling reduces both LCOE and 
EF considerably. 

For H1 and HC1 layouts, STCs (including their diurnal BSTs) and 

Table 6 
The economical, the compromise and the ecological system designs of each scenario.  

Scenario  LCOE [ct/kWh]  GWP[gCO2/kWh]  LBHE [m]  NBHE  CapHP,nom [kW]  ASTC[m2]  VolBST [m3]  

H1 (HC1) Economical 12.98 (12.57) 99 (93) 50 42  1954 308 
Compromise 16.39 (15.62) 62 (60) 58 60  2443 419 
Environmental 19.67 (18.56) 56 (55) 61 66  2646 690 

H2 (HC2) Economical 7.54 (7.65) 99 (93) 30 36  113.2 407 47 
Compromise 12.32 (11.92) 55 (54) 62 60  113.2 1058 239 
Environmental 15.96 (15.19) 52 (51) 83 60  113.2 1221 487 

H3 Economical 9.38 102 68 57  169.8 – 109 
Compromise 11.32 81 127 45  169.8 – 116 
Environmental 13.17 76 167 45  168.8 – 165 

HC3 Economical 7.12 102 105 24  113.2 – 79 
Compromise 8.63 69 184 27  113.2 – 79 
Environmental 10.60 63 218 33  113.2 – 98  
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Fig. 18. Component-wise EF of the characteristic designs of Table 4.  

Fig. 19. Component-wise LCOE of the characteristic designs of Table 4.  
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BTES have the highest shares in both EF and LCOE for the Env and Comp 
systems. In contrast to this, emissions from natural gas (NG) have the 
major share in the overall EF for the Eco system. This is the consequence 
of smaller BTES dimensions which results in higher NG consumption not 
only during the initial charging years, but also after the temperature of 
the BTES has reached its appropriate limit for passive load supply. 

In H2 and HC2 layouts, the electricity consumption by the HPs has an 
important share in the EF as well as in the LCOE, which decreases from 
the economical to the ecological layouts due to more efficient operation 
of larger systems. STCs and BTES have major shares in both objectives, 
which are, however, comparatively lower than in the passive scenarios. 
This demonstrates the importance of utilizing efficient HPs for 
improving the performance of solar-assisted BTES systems, which 
almost leads to the omission of the GB operation for the compromise and 
the ecological solutions. Even when comparing active and passive BTES 
discharging for the most economical scenarios, the integration of a HP 
also results in a lower share of GB. But, the high electricity demand of 
the HP almost completely cancels out the reduction in EF due to lower 
gas consumption, resulting in an almost equal total EF as in the passive 

scenarios. In terms of LCOE, however, the active scenarios perform 
significantly better than the passive ones. 

For the standalone layouts without solar system (H3 and HC3), the 
heating-only layout H3 has significantly lower gas consumptions than 
the combined heating and cooling equivalent HC3. However, emissions 
savings due to a lower gas consumption are equalized (Eco design) or 
even overshot again (Comp and Env designs) by two effects: on the one 
hand H3 has a higher electricity consumption of HPs due to the lower 
source temperatures especially after a few years of heat extraction and, 
on the other hand, in H3 the BTES system and BST are generally larger, 
which adds significant amounts of emission in the production phase. The 
combined heating and cooling load supply in HC3 increases the effi-
ciency of the BTES due to recharging of the underground, which results 
in lower LBTES and consequently reduces its impact on both objectives. 

7.3. Sensitivity analysis 

7.3.1. Effect of varying initial and energy costs 
In a sensitivity analysis, effects of 20% variation in IC and OC on 

Fig. 20. Effect of varying initial costs (IC) and operational costs (OC) for the designs of Table 4.  

Fig. 21. Influence of considering national subsidies on the Pareto fronts of a) Heating and b) Heating and cooling layouts.  
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the LCOE of the characteristic designs of Table 6 are assessed (Fig. 20). 
Varying the IC has a stronger effect than OC for the ecological and 

the compromise layouts. For the economical layouts, the impact of 
changing the OC is approximately similar to changing the IC, except for 
the passive scenarios. By reducing OC and IC of the economical point of 
HC3 scenario by 20%, its LCOE decreases from 7.12 to 6.42 ct/kWh and 
6.39 ct/kWh, respectively, which corresponds to a reduction of 9.8 and 
10.2%. For the different characteristic points of each layout, varying the 
IC has a smaller influence on more economical solutions, which are 
characterized by generally lower IC due to smaller LBTES and ASTC. 

While the influence of varying OC is rather small for all systems, it 
can be observed that passive systems (H1&HC1) are especially robust to 
changes in fuel costs. Since the gas price is still comparably low, even 
with the considered rise over time, it generally makes up only a minor 
share in the overall costs of all the systems (cf. Fig. 19). Layouts, 
including a heat pump, suffer slightly more from changes in the OC as 
the electricity price is higher than the gas price. However, as the Comp 
and Env solutions of these layouts also comprise large production cost 
for BTES and solar, the impact of changing IC is still much larger than 
that of changing the OC. 

7.3.2. National subsidies 
As already explained, the investigated layouts reduce the EF sub-

stantially in comparison with conventional fossil-based systems. How-
ever, EF reduction is also associated with an increase in LCOE, which is 
mainly due to IC of STCs and BTES. One option to make renewable 
energy systems competitive to conventional ones is to financially sup-
port such systems by subsidies. In Germany, subsidies are currently paid 
by the government for the installation of solar thermal collectors, heat 
storage facilities and efficient heat pump [66]. The influence of 
considering these national subsidies on the Pareto fronts of the opti-
mized layouts is illustrated in Fig. 21. 

It must be mentioned that due to time constraints, the subsidies were 
not already included in a separate optimization study, but were added 
later to the existing optimized layouts. It is expected that the inclusion of 
the subsidies would also change the optimal layouts, leading to even 
better system designs than presented here. 

As all layouts comprise components that receive subsidies, all Pareto 
fronts are shifted downwards to lower LCOE. These include the subsidies 
that are considered for solar thermal collectors, heat storage facilities 
and efficient heat pumps. The cost reduction decreases for the systems 
with higher EFs. Moreover, the solar-assisted scenarios take the most 
advantage of subsidies. Consequently, the passive layouts having the 
largest STC areas exhibit the highest reduction in LCOE of all. 

After implementing the national subsidies, a layout with an EF of 
100 g CO2 eq/kWh results in a LCOE of 0.052 €/kWh for the HC3 sce-
nario. Therefore, compared with the reference layout with a EF and 

LCOE of 250 g CO2 eq/kWh and 0.046 €/kWh (cf. chapter 6.2) an in-
crease of 13% in LCOE results in a reduction of 60% in EF. Overall, it can 
be concluded that national subsidies pave the way towards the utiliza-
tion of the environmental benefits of geothermal layouts even on small- 
scale by making them more economically attractive. However, to reach 
the lowest EFs for easily-implementable small-scale systems, more 
supports are needed. 

7.3.3. National subsidies and emission costs 
Other than environmental effects of using fossil fuels, penalty costs 

that need to be paid for emitting environmental pollutants further 
decrease the economic attractiveness of fossil-based systems and will be 
a major barrier for their further application. Fig. 22 shows the influence 
of considering CO2 emission costs as well as national subsidies on the 
economical designs of the layouts. As the cheapest design of HC sce-
narios, HC3 is preferred to the reference case by considering a CO2 
emission cost of only 30 €/t. This means 60% EF reduction with the same 
LCOE. For the most economical layout of the heating-only scenarios, an 
emission cost of approx. 80 €/t is required to have the same LCOE as 
fossil-based systems. It needs to be mentioned that having more 
environmentally-friendly solutions is associated with higher costs and 
the supporting policies are required to support these systems economi-
cally. Overall, it can be concluded that the simultaneous consideration 
of the national subsidies and the emission cost will make small-scale 
geothermal layouts economically comparable with fossil-based energy 
systems. 

7.4. Limitations and future work 

A generic study of a complex system requires simplifications and 
assumptions, which has its own drawbacks and may cause uncertainties. 
It has been tried to lower the uncertainties by choosing a system in 
operation as the reference case and simulating and validating the 
simulation against experimental results. In this part, the considered as-
sumptions and simplifications as well as the proposed future works are 
explained. 

• ANN is utilized as a proxy model for estimating the objective func-
tions and convergence of the optimization with larger numbers of 
evaluations. However, estimation is always associated with un-
certainties. Nevertheless, efforts were made to control these un-
certainties by checking the functions from the training algorithm as 
well as by post-simulation of the selected final points. These mea-
sures have shown that the approach via the proxy model is very 
accurate.  

• For the project lifetime of 30 years, every simulation with a time step 
of 1 h takes around 40 min. Moreover, an appropriate training of 
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Fig. 22. Influence of considering national subsidies and emission costs on the economical designs of a) Heating and b) Heating and cooling layouts.  
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ANN with low estimation errors, requires between 1,000 to 2,000 
evaluations depending on the layout and number of variables. In 
dynamic simulation of energy systems, shorter time steps always 
result in more exact results but longer simulations, which is 
impracticable due to computation limits in this study.  

• These computational limitations make it necessary to keep certain 
boundary conditions fixed. The results might for example be strongly 
dependent on system size and local climate conditions. The notional 
system located in Germany identifies optimal system layouts for 
central European locations and comparable regions. However, the 
presented methodology can generally be applied to any location and 
climate.  

• The selected STC module has a gross area of 13.57 m2. It is assumed 
that three STC modules are in series and, for pump selection, the 
pressure loss inside STCs is calculated accordingly. However, the 
number of STCs in series or parallel is dependent on the available 
area for installing the collectors and requires separate analyses 
considering the project site specifications.  

• It is assumed that the BTES is installed in the ground with a uniform 
thermal conductivity and heat capacity and the only heat transfer 
mechanism is conductive. However, in real applications convective 
heat transfer might exist and ground thermal characteristics might 
not be uniform.  

• For the calculation of OC, the energy cost functions taken from the 
economic studies are mainly based on predictions assuming that a 
linear interpolation between the available data points is acceptable. 
The IC functions are based on the available literature and are mainly 
defined by having data from real projects in a specific range. 
Consequently, cost functions are subject to uncertainties. The 
sensitivity analysis in chapter 6.4.1 is done with the purpose of 
considering these uncertainties.  

• It is assumed that GBs cover the load that cannot be supplied by solar 
and/or ground loop, which is typical in many existing district heat-
ing grids. Using biomass boilers for peak load supply will result in 
further EF reduction. However, for a comparison with bio-fueled 
systems, other environmental impacts such as land consumption 
and fine particulate air pollution must be considered as well. 
Therefore, environmental and economic assessment of combined 
biomass boilers and the geothermal layouts is suggested as a future 
work.  

• As mentioned earlier, for the solar-assisted HC scenarios (HC1 and 
HC2), BTES systems are heated up by STCs during the summer sea-
sons and cannot be used as an efficient heat sink for cooling pur-
poses. The utilization of two BTES systems, one for the storage of 
solar energy and the other for the rejection of the waste heat from 
cooling cycles, and possible configurations for performance 
improvement of the combined model is suggested as a future work.  

• Although enviro-economic evaluations are initially used by decision- 
makers to evaluate a renewable energy project, they lack thermo-
dynamic assessment [67]. Therefore, in practical applications, an 
enviro-economical optimization needs to be supplemented by a 
detailed thermo-economic assessment method to define the param-
eters which are kept constant during the optimization. 

8. Conclusion 

A combination of direct optimization, an ANN proxy and the NSGA II 
method is utilized for enviro-economic multi-objective optimization of 
solar-assisted and standalone geothermal layouts for heating as well as 
combined heating and cooling applications. The initial design and 
control strategies are adapted from a validated reference case to a 
notional case study in Germany. The following conclusions can be drawn 
from the results of this study: 

• Utilizing the ANN as a mid-stage in the optimization procedure re-
sults in a proper verification and validation of the objective functions 

in several steps and is recommended for long-term evaluation of 
geothermal applications.  

• For heating applications, active load supply by the solar-assisted 
geothermal layouts results in the lowest LCOE and EF, and passive 
load supply leads to the most expensive solutions. The lowest EFs can 
only be reached by solar-assisted scenarios. Moreover, the stand-
alone scenario without solar is only suggested if higher EFs are 
acceptable and utilizing STCs is not possible.  

• The utilization of BTES for the seasonal storage of the waste heat 
from cooling cycle leads to the most economical layouts, which still 
reach reasonably low EFs. However, like in the heating-only sce-
narios, reaching the lowest EFs is merely possible by utilizing STCs.  

• When comparing heating-only scenarios and combined heating and 
cooling scenarios, it is found that in the case of solar-assisted sys-
tems, the inclusion of cooling with an ASHP slightly reduces the EF 
and LCOE. However, the GWP and LCC increase. Consequently, in 
these cases, the comfort gain from cooling comes at a cost to con-
sumers and causes additional emissions. In contrast, for the stand-
alone scenarios without solar collectors, the inclusion of cooling 
results in a real cost reduction for the consumer and a reduction in 
emissions.  

• Increasing the total drilling length or the area of STCs decreases the 
EF and increases LCOE. The relation between the optimized variables 
and the outputs of the multi-objective optimization from this study 
can be used by designers for an initial evaluation of system’s di-
mensions and its effect on the enviro-economic objectives (Table 5 
and Figs. 14-16).  

• In the passive solar-assisted layout, STCs and BTES have the highest 
shares in both EF and LCOE. In contrast, in the active design, the 
electricity consumption of the HPs has important shares in both 
objectives.  

• Utilizing efficient HPs for improving the performance of solar- 
assisted BTES systems leads to much smaller dimensions of STCs 
and BTES in comparison to passive systems. This almost leads to the 
omission of the GB operation in the compromise and the ecological 
solutions.  

• The geothermal standalone heating-only layouts result in the highest 
EF and larger LBTES, which increases the LCOE significantly. 
Recharging of the underground with waste heat in combined heating 
and cooling results in lower LBTES and thus a lower impact on both 
the objectives.  

• National subsidies can increase the economic attractiveness of the 
proposed layouts. By considering national subsidies, a 60% decrease 
in EF can be achieved if an increase in the LCOE of only 13% is 
accepted for the most economical layout compared to a fossil-based 
reference case. However, to reach the lowest EFs more supporting 
policies are needed.  

• Considering CO2 emission costs in addition to the national subsidies 
can make the geothermal layouts economically more attractive than 
the fossil-based reference layout while decreasing EFs substantially. 
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Appendix A. Calculations of costs and emissions 

See Tables A.1–A.5. 

Table A.1 
Emissions caused during the production of each system component (GWPProd,i).  

Component GWPProd,i (kg CO2 eq) Reference 
BTES (4.105 × LBHE + 63.25 × tdrill

a)×NBHE  [28] 
HP 58.5× CapHP  [68] 
STC & BST 176× ASTC  [28] 
GB 78.1× CapGB

0.729  [69] 

a tdrill = 19.8× (2.718280.0036×LBHE ). 

Table A.2 
EF associated with electricity (EFelec,a) and natural gas (EFgas,a) consumption as function of the operation year.  

Parameter 2020–2030 2030–2050 Reference 
EFelec,a(kgCO2/kWh)  (−20.99a+423.89)×10−3  (−8.595a+287.55)×10−3  [51] 
EFgas,a(kgCO2/kWh)  250 × 10−3 250 × 10−3 [52]  

Table A.3 
Investment and maintenance cost functions of different components.  

Component Investment cost (€) Maintenance cost (€/yr.) Reference 
BTES 65× LBHE  – [70] 
HP (2053.8 × CapHP

−0.348)× CapHP  
0.0075×CIC  [71] 

STC (335 × ASTC) + 7500  0.0075×CIC  [54,72] 
BST (

403.5 × VolBST
−0.4676 + 750

)

× VolBST  
– [54] 

GB (11418.60 + 64.6115 × CapGB
0.7978)× fGB

a  0.02×CIC  [69] 

a fGB = 1.0818−(8.2898×10−7 × CapGB). 

Table A.4 
Electricity cost (celec,a) as function of the operation year.  

Parameter 2020–2026 2027–2011 2012–2050 Reference 
celec,n(€/kWh)  0.00302n + 0.1304  −0.003356n + 0.1686  −0.00042n + 0.1363  [73,74]  

Table A.5 
Natural gas cost (cgas,a) as function of the operation year.  

Parameter 2020–2030 2030–2050 Reference 
cgas,n(€/kWh)  0.000432n + 0.0285  0.000212n + 0.03095  [73,74]  
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Appendix B. TRNSYS models 

In this part different TRNSYS layouts and their control strategies are explained and discussed. Initially, main TRNSYS components that are used for 
modelling the proposed layout are shown (cf. Table B.1.1). Moreover, mathematical description of the main controllers is explained (cf. Table B.1.2). 
Finally, TRNSYS models of the layouts and their control parameters are discussed.). 

B.1. TRNSYS components (Types) 

As the main control strategies of the layouts are specified by differential controllers (Type 2b), the controller function is discussed in this part. To 
give a hysteresis effect, the controller is normally used with the output control signal (γo) connected to the input control signal (γi) [34]. Table B.1.2 
shows the controller function and how it defines γo based on γi. If the controller is already on (γi = 1), it remains on (γo = 1) if the difference between 
upper input temperature (TH) and lower input temperature (TL) is greater than or equal to lower dead band temperature difference (ΔTL), otherwise it 
will be switched off (γo = 0). If the controller is already off (γi = 0), it remains off (γo = 0) if the difference between TH and TL is lower than the upper 
dead band temperature difference (ΔTH), otherwise it will be switched on (γo = 1). Regardless of the value of γi, the controller switches off (γo = 0), if 
temperature for high limit monitoring (Tin) is higher than maximum input temperature (Tmax). 

Table B.1.1 
Main TRNSYS components.  
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B.2. TRNSYS model of passive heating (BTES) 

TRNSYS model of H1 scenario is shown in Fig. B.2.1 As it can be seen in the figure, there are mainly four loops in the model including solar loop 
(SL), buffer storage loop (BSL), ground loop (GL) and district loop (DL). The solar energy that is collected in the SL is transferred to the BSL for diurnal 
storage. In charging mode, the energy is delivered from the BSL to the GL, to be stored in the BTES. In discharging mode, the stored energy in the BTES 
is then extracted and delivered from the GL to the BSL. The extracted energy from the BTES together with the collected solar energy in the SL is then 
transferred from the BSL to the DL to supply the heating demand. 

STCs (Type1a) collect the solar energy and transfer it to the return fluid, from the underground pipes (Type952) of the solar loop (SL). The cir-
culation is done by a variable-speed pump, P-SL, (Type 110), which is activated using a differential controller (Type2b). The controller functions are 
specified using Table B.1.2 with the values of the monitored temperatures, ΔTL, ΔTH and Tmax from Table B.2.1. Moreover, its flow rate is controlled so 
that a design ΔT of 15 K for STCs is assured [42]. Using the SL HEX (Type 91b), the collected solar energy is transferred to the fluid from the bottom of 
the colder BST (BST2) on the BST side. The is done by another variable-speed pump, P-BST-SL, with the same flow rate as P-SL [42]. The temperature 
of the fluid is then increased and delivered to the top of the warmer BST (BST1), until the circulating pumps on both sides are turned off by the SL 
differential controller. 

The return fluid from the BTES is diverted using flow diverter (Type 11f) to the bottom of the colder BST in the charging mode or to the top of the 
warmer BST in discharging mode. In charging mode, the stored solar energy in the BSTs is transferred to the BTES. This is done by the ground loop 
pump, P-GL, which is controlled by two differential controllers, one for heating and one for non-heating seasons, cf. Table B12 and Table B.2.1. In 
charging mode of the non-heating seasons, the controller turns off the pump when the BSTs do not contain enough energy or the BTES reaches its 
maximum temperature limit. In charging mode of the heating seasons, the controller turns on the pump when the bottom temperature of the colder 
BST (BST2) exceeds the design supply temperature on the load side. These strategies are specified by upper and lower dead band as well as maximum 
input temperatures, cf. Table B.3. In discharging mode, the BSTs are filled by P-GL, which is controlled by a differential controller considering the 
temperature level of the BTES center and BSTs, cf. Table B.1.2 and Table B.2.1. 

In heating seasons, the collected energy in the BSTs, from the BTES and the STCs, is delivered to the DL using P-BST-DL. It is a variable-speed pump 
that is controlled by a control signal, which is an output of the district loop HEX (Type 512). It assures that the supply temperature in the district loop 
Tsup is heated up to its set point. On the load side, P-DL circulates the fluid in the underground pipes (Type952) of the DL. Its flow rate is controlled 
considering the heat demand of the cased study (given as input to the model by Type 9c) to meet design ΔT of the DL. Moreover, a GB (Type 700) 
assures that the fluid is heated up to its set point temperature before it is delivered to the final consumer. It is controlled by a simple aquastat (Type 
106), which turns on the GB considering the outlet temperature of the district HEX and the design Tsup of the grid. Finally, Type 683 represents the 
simplified final consumer. 

Fig. B.2.1. TRNSYS model of H1 scenario.  
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B.3. TRNSYS model of active heating (BTES) 

TRNSYS model of H2 scenario is shown in Fig. B.3.1. The control strategies of the GL in charging mode, the SL, the BSL and the DL are the same as 
H1, cf. Chapter B2. For the GL in discharging mode, a HP (Type 927), based on a manufacturer’s data [49], discharges the BTES actively when its 
temperature is not high enough for direct heating load supply. This is done by an active discharge controller, which can be switched on only when the 
passive discharge controller is off. It monitors the load-side supply temperature Tsup and compares it with the bottom temperature of the colder BST 
(BST2), cf. Table B.3.1. When Tsup falls below the designed value, specified by ΔTH and ΔTL, the controller sends the return fluid from the bottom of 
BST2 to the HP using diverter1 and the return fluid from the BTES to the HP using diverter2. Moreover, it switches on the HP as well as its source- and 
load-side circulation pumps (P-GL and P-HP). P-HP is also modulated considering HP’s capacity to assure a ΔT of 7 K. 

Table B.1.2 
Differential controller (Type 2b) controller function [34].  

If the controller was previously on (γi = 1) 
If ΔTL ≤ (TH − TL) then γo = 1 
If ΔTL > (TH − TL) then γo = 0   

If the controller was previously off (γi = 0) 
If ΔTH ≤ (TH − TL) then γo = 1 
If ΔTH > (TH − TL) then γo = 0   

If Tin > Tmax then γo = 0   

Table B.2.1 
Controller parameters of type 2b for the solar loop and BTES (charge and discharge) (slightly modified after 
[48]).  

Solar loop controller ΔTL = 2,ΔTH = 10,Tmax = 90◦ C 
TH : outlet temperature of STCs 
TL : bottom temperature of the colder BST (BST2) 
Tin : top temperature of the warmer BST (BST1)   

BTES controller (charge) 
non-heating seasons  

ΔTL = 3,ΔTH = 10,Tmax = 90◦ C 
TH : top temperature of the warmer BST (BST1) 
TL : average soil temperature near boreholes (center) 
Tin : average storage temperature   

BTES controller (charge) 
heating seasons  

ΔTL = 2,ΔTH = 10,Tmax = toptemperatureofBST1 
TH : load-side supply temperature 
TL : bottom temperature of the colder BST (BST2) 
Tin : average soil temperature near boreholes (center)   

BTES controller (passive discharge) 
heating seasons 

ΔTL = 3,ΔTH = 10,Tmax = 45◦ C 
TH : average soil temperature near boreholes (center) 
TL : bottom temperature of the colder BST (BST2) 
Tin : top temperature of the warmer BST (BST1)   

Fig. B.3.1. TRNSYS model of H2 scenario.  
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B.4. TRNSYS model of active heating (GSHP) 

TRNSYS model of H3 scenario is shown in Fig. B.4.1. The underground, without charging or regeneration, is utilized as an efficient heat source for 
the GSHPs. The control strategy is of the differential controller of the GL is similar to the active mode of H2 scenario, cf. Table B.3.1, which switches on 
the HP, P-HP and P-GL. P-HP is also modulated considering HP’s capacity to assure a design ΔT of 7 K. Like previous scenarios, P-BST-DL, is controlled 
by output control signals from the district loop HEX (Type 512) to assure that the DL design Tsup is met. The GB, which is turned on or off by an 
aquastat supplies the load that cannot be delivered by the BSTs. 

B.5. TRNSYS model of passive cooling (BTES) 

TRNSYS model of HC3 scenario is shown in Fig. B.5.1.. The heating load is supplied actively with the same strategy as H3. Controller parameters of 
the GL differential controller in active heating and passive cooling modes can be found Table B.5.1. In cooling season, the return fluid from the 
underground district pipes (Type 952) is delivered to the HEX-CL (based on Type 512 adapted to cooling operation, cf. Chapter 6.1). The output 
control signal of the HEX controls the operation of P-BST-DL so that the design load-side Tsup of 18 ◦C is assured. The cold fluid from bottom of BST2 is 
delivered to HEX-CL through diverter3, which has one control value in each season. This results in an increase in its temperature when it leaves the 
HEX. It then enters the top of the BST1, from where it is directly transferred through diverter1 to the GL, for passive cooling, or to the HP, for active 
cooling. The active cooling occurs when the passive discharge controller is off and district Tsup exceeds 18 ◦C. When the active cooling is activated, it 
turns on the HP and P-HP, which is modulated to supply the design cooling ΔT. Active or passive cooling strategy on the GL side is defined by 
diverter4, which diverts the return fluid from the GL to the bottom of BST2 or to the source side of the HP. As the load profile shows (Fig. 3), switching 
between heating and cooling is done once per year. Therefore, the BSTs are cooled down with the same cooling strategy, before the start of the cooling 
season. 

Fig. B.4.1. TRNSYS model of H3 scenario.  

Table B.3.1 
Controller parameters of type 2b for the ground loop in active discharge mode.  

BTES controller (active discharge) 
heating seasons 

ΔTL = 2,ΔTH = 6,Tmax = 45◦ C 
TH : load-side supply temperature 
TL : bottom temperature of the colder BST (BST2) 
Tin : top temperature of the warmer BST (BST1)   
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B.6. TRNSYS model of ASHP 

TRNSYS model of ASHPs is shown in Fig. B.6.1. Two ASHPs (Type 118) are considered to supply the cooling demand of a single family house and an 
office building locally. The calculations are then expanded to the number of each building type, cf. chapter 3.1. The operational data of the ASHPs are 
selected based on a manufacturer’s catalog [50] and given as an input file to Type 118. The HPs are inverter type that use a variable-speed compressor 
to meet the design temperature at each time step. Chilled water temperature (22 ◦C), chilled water flow rate and ambient temperature are given as 
inputs to the ASHPs to meet the cooling load, with a chilled water supply temperature of 18 ◦C, which is a design parameter. 

Fig. B.5.1. TRNSYS model of HC3 scenario.  

Table B.5.1 
Controller parameters of type 2b for the BTES in charge and discharge mode.  

BTES controller (passive charge) 
cooling seasons  

ΔTL = 1,ΔTH = 4,Tmax = 22◦ C 
TH : top temperature of the warmer BST (BST1) 
TL : average soil temperature near boreholes (edges) 
Tin : average soil temperature near boreholes (edges)   

BTES controller (active discharge) 
heating seasons  

ΔTL = 2,ΔTH = 6,Tmax = 45◦ C 
TH : load-side supply temperature 
TL : bottom temperature of the colder BST (BST2) 
Tin : top temperature of the warmer BST (BST1)   
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Appendix C. . MATLAB settings 

See Table C.1. 

Fig. B.6.1. TRNSYS model of ASHPs.  

Table C.1 
NSGA II optimization settings [65].  

Parameter Definition Value 
CrossoverFcn The fraction of the population at the next generation, not including elite children, that the crossover function creates. 0.8  
FunctionTolerance The algorithm stops if the average relative change in the best fitness function value over MaxStallGenerations generations is less 

than or equal to FunctionTolerance. 
1e-4 

MaxStallGenerations 100  
MaxGenerations Maximum number of iterations before the algorithm halts. 200 × number of 

variables  
PopulationSize Size of the population. 50  
ParetoFraction Sets the fraction of individuals to keep on the first Pareto front while the solver selects individuals from higher fronts 0.35  
SelectionFcn Function that selects parents of crossover and mutation children. Selectiontournamenta 

a) Tournament selection chooses each parent by choosing size players at random and then choosing the best individual out of that set to be a parent. 
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